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SUMMARY 
The production of engineering components by the 
process of metal powder compaction and sintering is a 
" rapidly expanding process. The filling of all parts of 
the die cavity to uniform densification prior to compaction 
is an essential part of the process if compacts of even 
density free from spalling are to he obtained. 
The research has the main objectives of showing how 
the variable parameters of vibrational energy will affect 
the densification of a range of powders having a wide 
variation of characteristics, into dies of restrictive 
sections. The mechanism of densification is essentially 
by reduction of interparticle friction and a shear cell 
I , ~ , l : l 
has been devised to measure interparticle friction under· 
various conditions of vibrational energy. 
The effect of vibrational energy on the press 
compacting and ejection forces is also briefly 
examined. 
Bihlioqraphy of Work related to this Thesis 
l) Research Report, Settling of Powders by 
Vibrational Treatment, Annual Meeting of the 
Powder Metallurgy Joint Group, Eastbourne, 1972 • 
2) 
. ' 
Paper, The Effect of Vibrational Treatment on 
the Interparticle Friction of Metal Powders, 
to he published in Powder Metallurgy and presented 
at the Annual Meeting, Eastbourne, 1974. 
·1.10 
1.20 
1.30 
CHAPTER ONE CONTENTS 
INTRODUCTION 
Application of Vibrational Energy 
to Powder Metallurgical Processes 
1.11 
1.12 
Precompaction Settling into 
the Die Cavity 
Compaction and Ejection 
Application of Vibrational Energy 
to other Metallurgical Processes 
1.21 
1.22 
Casting and Welding 
Other metallurgical processes 
Application of Vibrational Energy to 
other Industrial Processes 
1.31 
1.32 
1.33 
1.34 
1.35 
Linear Conveyors 
Spiral Elevators and Feed Hoppers 
Mills for Comminution 
Tamping and Compaction 
Vibratory Finishing 
1 
2 
4 
4 
5 
,8 
9 
10 
10 
10 
11 
2.10 
2.20 
2.30 
2.40 
2.43 
2.44 
CHAPTER TWO - CONTENTS 
2.00 LITERATURE SURVEY 
Introduction 
The Importance of Flow and Settling in 
Die Fill 
Factors Affecting Flow and Settling 
2.31 The Energy Barrier 
2.32 Incompatibility of Particles 
Sizes and Shapes 
2.33 Interparticle Friction 
2.34 Inte:rpa:rticle Friction Assessment 
2.35 Rolling Friction 
2.36 Effect of Admbcing on Flow and 
Friction 
Effects of the use of Vibrational Energy 
2.41 
2.42 
The Equilib:rourn Settling condition 
Densification from Equilibrium by 
Vibration 
(a) effect of frequency amplitude 
Page 
12 
12 
14 
15 
16 
19 
21 
22 
24 
24 
25 
26 
and :resonance 26 
(b) mechanisms of densification 29 
(c) energy transfer to particle beds 30 
(d) the imRacting method of energy 
transfer 31 
(e) the theory of vibratory conveyors 34 
Activation beyond Equilibrium Settling 
Vibratory Compaction 
(a) frictional effects 
36 
38 
41 
, .. 
3.10 
3.20 
3.30 
3.40 
3.50 
CHAPTER THREE - CONTENTS 
3.00 POWDER CHARACTERISTICS 
Introduction 44 
Methods of Powder Manufacture 44 
3.21 Powders employed in this research 46 
Particle Size, Shape, Distribution 
and Surface Topography 47 
3.31 Particle Size Notations 47 
3.32 Particle Shape Notations 49 
3.33 Classification of A~alyses Methods 51 
Methods used for Characterisation 52 
3.41 Particle Flow 53 
3.42 Apparent Density DA and 
Tapped Density ~ 53 
3.43 Angle of Repose .d-.. 55 
3.44 True Density p 56 
3.45 Sieve Analysis 60 
3.46 · Fisher Sub-sieve sizer 62 
3.47 Sphericity Coefficient 't 63 
3.48 Jenike Friction Cell 69 
-
.3.49 • Scanning Electron Micrographs 70 
Property Correlations 70 
4.10 
4.20 
4.30 
4.40 
4.50 
4.60 
VII 
CHAPTER FOUR CONTENTS 
4.00 APPARATUS AND EXPERIMENTAL TECHNIQUE 
Preliminary Survey of Densification using 
the Pilot Rig 
4.11 
4.12 
Description of the Apparatus 
Experimental Procedure 
Cavity Fill by Vibration 
74 
74 
75 
76 
4.21 
4.22 
The modified OAKLEY apparatus 76 
Determination of the container 
capacities 77 
4.23 
4.24 
Vibration fill technique "Fill Sequence" 79 
Calculation of fill density 80 
Vibration densification as a function of 
Displacement and Frequency 
4.31 
4.32 
4.33 
General description of the apparatus 
Method of functioning of the electro-
magnetic vibrator 
Procedure to show settling relative 
to 1 f. 1 and 1 n 1 
4.34 Procedure to show the· influence of 
80 
81 
81 
82 
top surface masses 83 
Effect of Displacement and Frequency on 
Interparticle Friction 
4.41 
4.42 
4.43 
Introduction 
Development of the friction cell 
Effect of density on friction, zero 
vibration 
4.44 Effect of 1j 1 and 1 n 1 on friction 
Determination of£ and n for Optimum 
Flow and Fluidisation 
4.51 
4.52 
4.53 
Procedure adopted 
Determination of mass flow and 
fluidisation points 
Determination of optimum frequency 
Effect o£ Vibration on Press compaction 
84 
84 
85 
86 
87 
89 
90 
90 
91 
92 
4.70 .Calibrations used in the Experimental work 93 
4.71 Piezo-electric crystal output for 
£volts 93 
4. 72 
4.73 
~volts for lg acceleration relative 
to frequency 
Input/Output relationship ~ccording 
to frequency and mass carr~ed 
94 
94 
CHAPTER FIVE CONTENTS 
5.00 PRESENTATION OF RESULTS 
5.10 Results of the Pilot Rig Experiments 99 
5.20 Cavity Fill Results 99 
5.21 Results for the Spherical Bronzes lOO 
. 5,22 Results for the Iron PlOO containing 
Stearate lOO 
5.30 Settling Densification as a function of 
In I and I gl 101 
5,31 Results of 200 pm. Spherical Bronze 
(Mass A) 101 
5,32 Results for 200 pm.Spherical Bronze 
(Zero Mass) 103 
5.33 Results for Iron PlOO,(Zero Mass) 103 
5.34 Results for Aluminium, (Zero Mass) 104 
5.35 Results for 600 pm.Spherical Bronze 104 
(Various conditions) 
5.40 Results of the Effect of Vibration on 
Interparticle Friction 105 
5.41 Effect of Settled Density 105 
5.42 Effect of 1 g 1 and 1 n 1 on Friction 
Reduction 106 
5,43 Effect of lOO Hz frequency on 
various powders 108 
5.50 Results of Flow and Fluidisation Determination 
109 
.. 
5.60 Results of the Effect of Vibration on 
Press compaction Forces llO 
•. 
IX 
CHAPTER SIX - CONTENTS 
6.00 DISCUSSION OF RESULTS AND CONCLUSIONS 
6.10 Activation of Powders 
6.20 Settling Densification 
6.21 Rate of Densification· 
6.22 Critical Dilation 'g' for Various 
Powders 
6.23 The Effect of Constraining Loads 
6.24 Cavity Fill - Bronzes 
6.25 cavity Fill - Iron PlOO 
6.30 Reduction in Frictional Contact 
6.31 Correlation of powder properties 
to Friction Reduction 
6.40 Densification and Frictional Reduction 
Mechanism 
Page 
112 
113 
113 
114 
115 
116 
116 
117 
118 
119 
6.41 Effect of sustained force increase 120 
6.42 Effect of sustained force reduction 120 
6.43 The mechanism of densification 120 
6.44 Vibration parameters involved 121 
6.45 The Impacting Mechanism 122 
6.46 The fixed bed situation 122 
6.47 Explanation of the effective frequency 
range for Frictional Reduction 123 
6.50 Significance of Flow and Fluidisation Results 124 
6.60 conclusions and Suggestions for Future Work · 126 
APPENDICES 
A Analysis of Rectilinear Sinusoidal Vibration 130 
~ List of Symbols used in the text 131 
... 
-1.-
CHAPTER ONE 
1.00 INTRODUCTION 
Application of Vibrational Energy to Powder Metallurg~ 
Processes 
The expansion and interest of the field of powder 
metallurgy as a means of component production has neve>: 
' 
been greater than in the past decade. A number of 
problems have emerged as a result of the demand for 
larger and more complex-shaped componP.nts. The need 
for larger more powerful presses becomes necessary as 
·the projected area increases and the complexity of 
shapes raises the problem of non-uniform denslty 
distribution. Furthermore the high elastic stresses 
·produced when pressing hard, brittle refractory 
compounds leads to rupture of the green components. 
The basic procx.ssing sequence involved in the 
production of a coiTponent is given as follows:-
(a) powder production 
(b) comminution and blending 
(c) dispensing and settling into the die cavity 
(d) compaction to the green state. 
(e) ejection from the die 
(f) sintering 
(g) finishing 
--------- -----------·---
- 2.-
Although vibration is applied during comminution 
and finishing and interest has been shown in the 
sintering process.the main purpose of this research 
is to give attention to the aspects of powder 
dispensation and settling with particular emphasis 
on the settling mechanism and interparticle friction. 
Since friction also features in the compaction 
and ejection stages,a brief consideration of 
vibrational energy on these stages will be given as 
an e}:tension of the work of MALLENDER, DANGERFIELD 
and CCf,:SNi\.N i . 
1. Preco:11.oac·tion settling into the die cavity 
Since the majority of components require a high 
density for promotion of the best 1Tt8chanical properties 
during sintering, and the ability to be surface treated or 
electroplated, the settled density within the die should 
be as high as possible and furthermore should not vary 
excessively at various positions in the die. 
Difficulties in achieving these aims will be 
accentuated with increased complexity and diversity 
of component sections and with powders having low flow 
characteristics. 
-3-
Methods have been devised to overcome the problem 
of uneven densification as follows -
(a) use of floating die pieces; 
(b) isostatic pressing~ 
(c) hot pressing~ 
(d) inertial pressing (see vibratory pressing 
chapter 2)~. 
(e) consolidation after sintering by coining 
or sinter forging. 
Most of these methods suffer from the disadvantage 
o= the loss of dimensional tolerances and any means 
d.e·visable to improve the conventional pressing method 
would be a useful consideration~· 
It is proposed therefore in this research to 
e.<:amine the settling of powders, having contrasting 
characteristics, into die orifices of various sizes 
and in addition to show how the effects of vibrational 
amplitude and frequency will influence the extent 
and rate of densification. A consideration of the 
mechanism of settling will be given and a friction 
cell, suitable for the measurement of interparticle 
friction under conditions of applied vibrational energy, 
has been devised to show that friction is a considerable 
influencing factor in this mechanism. 
1.20 
2. Compaction and Ejection 
The compaction stage aims to bring the powder to a 
high density level approaching the true density of the 
material by causing intimate contact, and deformation 
where possible, of the particles to provide green strength. 
Interaction of powder with the die wall during compaction 
and ejection is essentially that of friction and wear 
which in certain instances can be reduced by the 
addition of metallic stearates or graphite. These 
additions may adversely affect the flmv ar:d settling 
of the admixture and in the case of stearates this is 
considec8d in this research. 
Vibrational Energy Applied to Metallurgical Proce~ 
The literature review compiled by Ineson2 indicates 
the'magnitude of interest and research work relating to 
th"" il.fluence of vibrational energy on metallurgical and 
engineering phenomena and processes. Attention has beer, 
given to virtually all the stages of manufacture of 
metallic components as sho~m by the following list: 
(1) Melting and casting. 
(2) Working processes. 
(3) Welding and soldering. 
(4) Machining and metal forming. 
(S) Thermal treatment. 
(6) Surface cleaning. 
( 7) Finishing processes. 
The flow diagram, Fig. 1, also provides an indication 
of the various possible fields of application of vibrational 
energy to metallurgical processes. 
--------~~---
-s-
l. Vibration during casting and Weldin;L_ The mechanical 
effect of melt nucleation is well understood in that 
existing crystallites are fragmented into a multitude of 
smaller nuclei resulting in a finer grained struc·t.ure. 
This process could be applied with ingots, suitable 
casting methods and with welds. 
Energy may be transmitted into the metal by direct 
means using refractory probes or by indirect means in 
which case the unit is attached to the mould or vice versa 
It is nece~sary in the latter case to employ a rigid 
coupling if good energy transmission is to be obtained. 
Pneumatic vibrating devices of a similar nature have 
been employed. Even the jolting and vibrco.ting devices 
built into foundry moulding mach5.nes will provide a large 
amplitude (l-4cm) and low frequency (about 1Hz) energy 
ou·t.put. 
Devices producing sonic or 11ltrasonic frequencies have 
also been widely employed. Magnetostriction transducers 
have often been used. Southgate3, for instance, employed 
a unit developing 8 000 Hz·, the energy being passed to the 
metal via a water-cooled refractory probe. Piezo electric 
transducers have also been used to generate very high 
frequencies of 2MHz to 8MHz. Energy output from these, however, 
is somewhat limited and may only be applied to melts of small 
size. 
Almost all the production stages of a metal have 
received some attention with respect to the application of 
vibration but it is perhaps the process of solidification 
in which this has been most widely investigated. 
-------~-
Perhaps the first recorded application of sinusoidal 
movement during solidification was in 1868 when Chernov 
set a mould of steel into motion by gentle reciprocal 
rocking which resulted in a refinement of the primary 
austentic structure. 
4 In 1935 Sokoloff , using a magnetostriction device, 
found that grain refinement could be obtained in the pure 
metals Zn, sn·and Al. 
Balandin 5, who vigorously vibrated the mould when 
casting an Al-Ti alloy, noted the formation of fine grains 
and suggested that this was a result of increased 
nuclaa::i~O:l caused by frag,nentation of ·the initial mould 
wall crystallites. The possibility of fragmentation has 
also been indicated by numerous other workers. 
Weber and Rearwin 6 , \vho applied vibration to the d·;_es 
duri~g the diecasting of an Al alloy, noted some grain 
refinement but in addition an improvement in surface 
finish, the reproduction of thin sections and tho 
dispersion of porosity and oxides. · 
In spite of the great success achieved in the 
refinement of pure metals and solid solution alloys there 
is some evidence, given particularly by Richards and 
7 Rostoker ., that secondary precipitating phases, such as 
eutectiformed flake graphite in grey cast iron and silicon 
in the aluminium silicon eutectic, suffer from a 
coarsening effect when forming under the influence of 
vibrations. This also appears to be the case with inter-
metallic compounds. 
---------------------------------------------- -
-7-
It may be beneficial to vibrate the liquid for reasons 
such as deoxidation, carburization and desulphurization. 
A further aspect which has received much attention is that 
8 
of degasification. A patent filed in Germany in 1931 
indicates that ultrasonic vibration will improve the 
degasification of light alloys. A similar patent was 
filed in Great Britain in 1956 9 by an Austrian company. 
The degasification of light alloys is normally 
achieved by a scavenging gas treatment using dry 
nitrogen or chlorine. Skimmer 10 claims that the de~ 
gassing of a 500 kg melt, which took 30 min. with the 
scavenging gas t:r:eatment alo::1e, took only a few minutes 
when using scavenging and vibration treatment simultaneously. 
-
The simple expedient of striking 
11 
anvil was employed by Tyzhnov 
a ladle against a rigid- ·: 
ladle deoxidation. 
~ho improved the rate of 
12 ~G1e porous plug system for 
carburization and desulphurjzation of cast iron is widely 
13 knoW11. The use of an eccentrically revolving ladle 
has also been used to improve the efficiency of the 
desulphurization of cast iron. 
Regarding the effect of vibration on the removal of 
3 
segregation, Southgate noted that the gravity 
segregation of FeA13 in light alloys could be reduced. 
This may bear some relation to the conrsenin9 effect of 
intermetallics mentioned previously, since the coursening 
of the FeA13 plates results in a greater surface area and a 
reduction of settling rate. Richards and Rostoker 7 
carried out chemical analyses at various positions in 
vibrated and unvibrated Al-Cu ingots and concluded that 
segregation as a result of constitutional undercooling, i.e. 
corin ,is not rev0nted b vibration. 
-a-
Other effects observed during vibration experiments 
are a suppression of pipe formation in ingots, less 
susceptibility to hot-tearing and a reduction in the 
concentration of porosity and shrinkage at particular 
positions. 
2. Vibration Applied to other Metallurgical Processes. The 
superimposition of a smaller reciprocating energy on to the 
main energy of machining or working has been found to 
reduce the extent of main energy required. This is 
postulated as being a rP.sult of the reduction in flow 
streEs or shear stress necessity. 
The stabilization of unstable systems by reciprocating 
energy has numerous. applications concerning sold state 
transformations, particularly those being conducted at 
elevated temperatures. The vi.')ration in general 
accelerates such processes as precipitation hardenin')', 
surface hardening, homogenization, tempering and 
malleablizing. Acceleration is provided by more rapid 
diffusion rateo The same postulate is applied to liquid 
diffusion although the enhanced diffusion may prove to be: 
,undesirable during the solidification of secondary phases 
because of its coarsening effect, for example, the 
coursening of flake graphite in cast iron or silicon 
particles in aluminium silicon alloy. 
The catalytic effect of vibration with respect to 
reactions in a melt has been known and practised for many 
years.. Even the eccentrically revolving ladle and porous 
plug techniques causing stirring and agitation of the molten 
metal can be considered as simple devices. 
1. 30. 
-9-
Surface activation is a less understood phenomenon, 
but certainly it would appear that if a solid surface is in 
contact with a liquid in which cavitation is taking place, 
then activation of the surface will result, as for instance 
during ultrasonic cleaning. Cavitation within the liquid 
itself could well result in accelerated nucleation and 
resultant grain refinement as with metal solidification. 
Numerous references regarding these effects are 
2 
available in the review by Ineson 
Application of Vibrational Energy to Other Industrial Processes 
1. £_onv~yors. One of the oldest applications of 
mechanical vibrations was the use in coal mines for linear 
vibratory conveyors at the turn of the last century. 
The teriJ linear is used to distinguish this type from 
spiral conveyor elevators although the principle of 
op=:.ca·cion is very similar. 
Such linear conveyors are now in general use for 
the conveyance of pa:':'ticulate materials such as coal, 
gypsum, clay, gravel, soil, moulding. sand grain, ashes 
and many others. The system is able to operate and effect 
conveyance of the material as a result of the frictional 
contact of the particles with themselves and v1ith the 
conveyors surface. 
Since the theory of this conveyor system is relevant 
to this research it will be reviewed more fully in chapter 2. 
-10-
2. Spiral Elevators. Linear conveyors are seldon used 
at steep angle~ to the horizontal and rarely does the 
gradient exceed 10° otherwise material transfer becomes 
problematic. As a result the spiral system is adopted 
for elevations within a confined space. This type of 
system is widely used as a feed. system of small objects 
from hoppers to assis·t assembly and manufacturing systems 
in the light engineering and electronics industry. 
3. Vibratory Mills for Fine ~?~minution. The consumption 
of materials in fine powder form has increased over a wide 
sphere and conventional ball mills are inefficient in terms 
of tonnage/day output. A vibratory mill still employs 
hard steel or porcelain balls but the container is 
activated by vib~atory motion from centrifugal excitors 
or electromagnBtic vibrators. The theoretical aspects 
13 
are w'll understood and laid out by Rose and Sullivan 
4. Yi£ratory Tamping and Compaction. In the civil 
• 
engineering industry concrete and soil has been compacted 
by vibratory tools for the past 30 years. Compaction 
or settling depends to a large extent on the thixotropy 
of the material concerned and Green 14 carried out 
research into the parameter. It is considered that 
vibration will provide concrete with the necessary initial 
force to transpose the concrete from Bingham fluid 
characteristics to Newtonian flow characteristics. 
-11-
Another civil engineering application is vibratory 
15 pile driving analysed methematically by Barhen The 
importance of the impact frequency being close to the 
natural resonant frequency of the soil isstressed to 
obtain maximum work to effort ratio. This is a factor 
which applies to many other vibratory devices. 
5. Vibratory Finishing Processes. The use of vibratO.L'Y 
milling as described previously is accompanied by 
wear and it is feasible that vibratory polishing as an 
alternative to barrel tu~bling could be used particularly 
for slender workpieces which could be easily distorted or 
broken. Such equipment consists of a U-shape container 
spring mounted and gyrated with out of balance masses. 
The components are loaded in th'l container with a granular 
medium ancl carrier fluid to provide polishing PATTI::rt:~ON 16 
gives a description of a machine used for aluminium parts. 
' 
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CHAPTER TWO 
2.00 LITERATURE SURVEY 
... 
Introduction 
'' 
The literature review that follows is concerned with 
the aspects of flow and settling of metal powders into dies, 
particularly those having restrictive sections, and the 
importance of a uniform settled density within the die. 
The concept of the energy barrier which produces the 
resistance to flow and settling is examined in terms of 
particle characteristics and the frictional aspect 0 
Attention is then given to the effect of vibrational 
energy on flow and settling,and in particular the mechanism 
by which the energy barrier is overcome to allow improved 
mobility of particles and increased settled density or, 
if over-energised, activation and fluidisation. 
The use of vibratory pressing is then considered 
together with the benefits claimed to be obtained therefrom. 
The Importance of Flow and Settling for Die Fill 
GOETTZEL17 in 1949 refers to flow as a property of 
most powdered metals and defines flow resistance as the 
hindrance of one particle against another which is 
basically influenced by friction and mechanical keying. 
He also refers to the considerable importance of flow when-
ever large scale manufacturing of components relies upon 
the rapid fill of.the die.. Poor flow characteristics 
enforce a slow and uneconomical dispensation and pressing,and 
at the same time make it difficult to obtain an even fill of 
the die cavity with subsequent erratic green density 
distribution. 
--·-------
• -13-
The design of the part and tooling should be such as to 
allow the unobstructed fill and pressing of the powder in 
addition to ejection of the part along the axis of pressing. 
Attention should also be paid to the aspect ratio or length 
to diameter ratio of the component, usually of the order of 
3:1 for brass and bronze and 2:1 for ferrous compositions, 
otherwise an unsatisfactory density distribution will result. 
The chief problem however is that of filling a die with 
powder occupying a volume three times that of the component, 
a problem overcome with poor flow powders by use of vibration 
fill. 
Success depends therefore on the accurate dispensation· 
of powder and uniformity of fill synchronized with the 
motions of the press. 
1. Practical Assessment of Flow and Settling. The standard 
method of testing particle flow and settling, the latter in 
terms of apparent density DA and DT/DA ratio are described in 
chapter 3. These methods although useful for control purposes 
in terms of the intrinsic powder characteristics have limi-
tations as a means of providing assistance in tool design. 
As explained by GOETTZEL17 the flow and settling of a powder 
into the die system is greatly affected by the physical 
parameters of the system in particular aspect ratios and thick-
ness of sections. For instance in the field of bush production 
the depth of fill required to produce a thin walled bush is 
considerably greater than for a thick walled bush of the 
same length. As a.result tools for bush production are 
designed to cover a range of lengths enabling the depth of 
fill to become adjustable. For parts of greater complexity 
it becomes more desirable to have information about the fill 
density and fill density variation of the various sections at 
the design stage. 
----------··-------
2.30 
. 14~ 
Various methods have been used to provide this 
information. LJUNGBERG and ARBSTEDT18 describe a 
method whereby powder in a container is moved over a 
block containing holes of different size. They 
demonstrated a wide variation in rates of flow through the 
holes. COOK and PUGH19 employed cups, having various 
aspect ratios, set in a tray over which was passed loose 
powder with an action similar to that of a press shoe. 
A rophisticated version of this apparatus was 
developed by OAKLEY20 who employed accurately machined 
containers of various diameters some of which contained 
central cores to produce annular prisms. Standardised 
fill conditions are provided by the use of a fill cup 
traversed over the containers at a constant rate. The 
basis of this apparatus is used in this research, suitably 
modified to apply vibrational energy to the containers 
during fill, to show any possible improvement afforded 
by vibration on fill density. 
Details of this modification are given in chapter 4. 
Factors Affecting Flow and Settling of Powders 
The bringing together of particulate material into a 
container to the point at which all the particles come to 
rest relative to each other, but yet retain a degree of 
porosity, appears superficially to be a simple action. 
In the first instance it is necessary to consider the 
force of gravity as the basic driving force for the action 
and then consider the other variables involved. These 
variables can be stated under basic headings as follows :-
-ls-
(a) the momentum of the particles as governed 
by the rate and height of pouring and. the 
density of the material; 
(b) the environment through which and into which 
pouring takes place; 
(c) the characteristics of the particles coming 
into surface contact with each other. 
The fact that momentum can affect the porosity is 
reflected in the standardisation of flow and DA measure-
ments and if the measurement is carried out in air of 
known drag coefficient the settling then relates to the 
choracteristics of the powder. 
Before making an examination of these characteristics 
it is widely known that after initial settling into a 
density cup to dcns~ty DA subsequent tapping of the cup 
will reduce the porosity to produce a higher tapped 
density DT. The initial DA obtained will vary, to some 
extent, according to the aspect ratio of container. The 
difference between DA and DT or the ratio DT/DA can be 
considered as a function of the energy barr:~er. 
1. The Energy Barrier of Settling. YOUD21 considers that 
voids exist in powder masses for reasons of incompatibility 
of particle sizes and shapes together with the related 
aspects of mechanical interlocking, friction and cohesion 
of particles. These factors constitute a barrier to 
spontaneous movement to higher density configurations. It 
is necessary in order to overcome this barrier to apply 
energy by means of tapping or vibration. The ratio DT/DA 
becomes therefore highly significant in tha·i: the greater the 
value above unity the greater the energy barrier to further 
settling. · 
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2. Incompatibility of Particle Sizes and Shapes. The 
theoretical approach to the packing of particles to high 
density configurations is similar to that applied to 
crystallographic structures. At the outset it is usual 
to assume perfect sphericity, mono-size and absence of 
vacant sites. Under these idealised conditions HIRSCHHORN22 
considers the simple types of packing, as found with 
crystallography, as s.c., B.c.c., F.c.c. and H.C.P. 
He gives the Fractional Porosity as equal to unity less the 
Packing Factor as follows -
F.P. = l - P.F. 
such that for the simple pack:i.ng arrangements mentioned 
P.F. =-
F.P. = 
s.c. 
0.52 
B.c.c. 
0.68 
0.32 
F.c.c. 
o. 74 
0.26 
H.C.P. 
o. 74 
0.26 
In the review by JA!,IES 23 tho packings put forward by 
Granton and Fraser are s.c., Orthorhombic, Tetragonal and 
Rhombohedral. The Packing Factor and Fractional Porosity 
being given as -
s.c. O.R. T.T. R.H. 
P.F. = 0.524 0.605 0.698 o. 740 
F .P. = 0.476 0. 395 0.302 0.260 
SMALLEY24 describes nine possible packing configuration3 
to be expected from mono-sized spheres. However whatever 
high packing factors are presented in the theory much depends 
on practice on the rapidity and mode of deposition, the' 
degree of tamping and container effects such that values can 
always be expected to be lower. 
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Any attempt to improve on the packing factor is 
based on interstitial fill and this concept is studied 
. 25 by McGeary who used four sizes of sphere as follows:-
ONE TWO THREE FOUR 
-
Diameter (cm) 0.505 0.061 0.011 0.0016 
. Diameter Ratio dl/d4 d2/d4 d3/d4 d4/d4 
316 38 7 1 
P:F. (experimental) 0.580 o.8oo 0.898 0.951 
P.F. (calculated) 0.605 0.859 0.942 0.975 
Once again the experimental values prove to be lower 
although the concept of blending correct sizes to improve 
packing is basically a sound one. Additional factors 
reducing packing with secondary, tertiary or quaternary 
· packings have been observed22 such as the separation of 
the basic grain size from direct contact by the smaller 
fractions and the presence of bridging voids. In 
addition a certain degree of segregation precludes all 
the grains from being in the correct position at the 
correct time during the settling process. 
In general, minimum porosity is expected with a 
wide grading particularly when the number of particles 
increases as the sizes decrease. 
The third important aspect in addition to size and 
size distribution is that of particle shape. 
indicates that whilst·a mono-sized sample of angular 
grains would tend towards improved packing over spheres, 
provided the angular shapes produced·reasonable fit, 
it is generally the case that packing is lost 
particularly with samples of wide size distribution. 
This is because of the failure of the smaller 
. 
---------------------------
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sizes .failing to infiltrate into the basic size fraction 
as a result of greater mechanical interlocking. 
ZIVANOVIc26 on the packing of solid particles of 
. 27 
irregular shape refers to FURNAS'S model dating back to 
1931, who states that the pores between large particles 
can be filled with smaller particles, but with irregular 
shapes, the calculation is less simple than with spherical 
shapes; ZIVANOVIc26 calculated the remaining pore space 
after vibration packing of a mono-sized irregular shape 
fraction to be -
VPl 
-? DPl ~ ~ 
•. 
where VPl = specific remainin~ porosity (cm 3/g) 
DPl = packing density (g/cm3 ) 
D = particle density· (g/cm3) 
Suffixes 1 and 2 refer to mono and binary systems 
respectively. Such that the packing density in a binary 
system is D.P.B where 
DPB = DPl. + DP2 (l+Qtl.) 
D 
The masses M involved can be found from 
X VPl X DP2 
Some results.obtaine4 with binary packing of irregular 
shapes were :-
System 
1 
2 
3 
. ,. 
.% DPB Theoretical 
75.8 
·n.s 
75.0 
% DP@ Practical 
74.9 
68.4 
74.1 
,. 
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It can be seen that only up to 75% packing can be 
obtained with irregular shaped grains whereas with binary 
spherical systems a theoretical value of 82 - 83% packing 
was obtained by McGEARY25 • 
ZIVANOVIc26 extends his experiments to tertiary 
systems and notes the rise in packing by 12% over a binary 
system. 
3. Interparticle Friction. This isasubject that has 
merited a great deal of consideration and whilst the 
author is of the opinion that the energy barrier as defined 
earlier is to some degree due to mechanical interlocking, 
it is the case that contact friction between particles 
has an important influence on the inability of particle 
groups to form a maximum density condition without the 
application of assisting energy. It is difficult to 
dissociate the factors of mechanical interlocking and 
friction although the latter can be defined as the effect 
of the interaction of surfaces on a microscopic scale with 
respect to the nature of the basic material and the size and 
configuration of the asperities of the contacting surfaces. 
On the other hand mechanical. interlocking is more . on a macro 
scale and considers essentially the bulk shapes of particles 
and their positions relative to each other within the mass. 
Interparticle friction has been studied by HAUSNER28 
who although stating the importance of friction declares the 
knowledge of the subject to be limited. He confines his 
study to particles of greater than 1 micron size which have 
high gravitational force due to their larger mass, see 
figure 2.. The smaller sizes less than 1 micron are more 
influenced by cohesion and electrostatic forces even 
I Van der waals 0 forces. 
r----------------------------------------------------------------------- -- -
... 
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HAUSNER28 is able to show with a number of simple 
graphs, figure 3, how friction is likely to vary in terms 
of variations in particle characteristics. 
The salient effects are an increased friction with 
increased specific surface, as to be expected with finer 
grain s~ze, with increased surface roughness and with 
further deviation from a spherical shape. In the latter 
case it is the author's contention that mechanical 
interlocking has the basic influence on this result. 
The values of friction given by HAUSNER28 are only the 
values of dry sliding friction of material pairs. 
However he d~es indicate means by which powder 
friction can be studied as being -
(a) the angle of repose method, 
(b) the DT/DA ratio, ADLER30 and HAUSNER31; 
(c) the shear resistance, KOERNER32 • 
Since all three of these methods are considered in 
chapter 3 it is not intended·to reiterate the techniques 
again at this point. 
What has been stated so far refers to the dry 
particulate material in air at ambient temperature , but it is 
well know that humidity, type of atmosphere and temperature 
• 
will influence greatly the values of interparticle fric~ion. 
Flow, for instance, can be improved by de-humidifying or 
evacuating powders. 
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4. · Interparticle F:_r iction I·leasurement. Although the 
angle of repose and DT/.DA ratio will give a good indication 
of the degree of in-l:erparticle friction there is no s5.mple 
method for its measurement, as with solid surfaces, and 
results are not readily comparable unless precise information 
is given on the method of determination. 
The most widely used method is by the use of shear 
cells where the relationship of normal force CJf to the 
shear force ~ producing shear yield mobility on an 
horizontal plane is found. Unfortunately the result 
relies to a great extent. on t:he settled density of the 
partj cles in the cell and he1:e consistency is ess8ntial. 
Some reference to the settled density and method of 
determination should as a consequence always accompany 
interparticle friction results. 
The JEND<E 33 test which iL described in d0tail in 
chapter 3 :.::equires a sed.es of shear force 'rf 
readings for a corresponding range of normal force readings 
(ff . A graph of the type "':J = mx + c is then produced 
known as the COULOHB yield relationship which is written 
as -
f = O"f tan yf + c where 
(f = shear force at yield 
Of = normal force 
yf 
- angle of internal friction 
c = intercept constant 
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Therefore the slope of ·the graph provides the eo-
efficient of internal friction value of a particle mass 
and this also gives the tangent o'f the angle 0 from which 
0 can be found. The graph is acceptably linear but may 
lose linearity with increasing humidity. 
The intercept c is the constant in the equation and 
this increases in the presence of bonding, cohesive forces 
and other attracting forces. 
RICI!ARDS 34 correlated 0' with the angle of repose J.... 
and found some reasonable agre<ement with glass beads and 
sands as follows:-
Particle B.S.Sieve Angle of Angle of 
System Range Inte1:r..3.l E'riction _ _Bepos..§_ 
-----
Glass Bec;_ds - 14 + 16 25 25 
-ditto- 60 20 23 
Rounded Sand 
-
23 + 36 40 34 
Sharp Jand - 18 + 36 32 37 
-ditto- - 36 + 60 38 37 
·-ditto- - 44 + 120 37 36 
ARAKWA and NISHIN035 noted on increased yJ with 
increased J..... but the ;:ate of increase was at fi:r.st rapid 
and then much slower. They aJso indicate that higher J.... 
and <if should be expected with irregular and needle-
like particles • 
5. Rolling Friction. is referred to by NASCIMENT0 36 who 
approaches the subject of interparticle friction by first 
considering the behaviour of single particles on a flat 
horizontal surface. For spherical particles the surface 
inclination to effect particle mobility is purely a 
frictional parameter and is the free particle rolling friction 
37 
angle_ 
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Material Coefficient of Angle of 
(as Cylinders) Rolling Friction Rolling Friction 
Hardwood 0.02 10 8' 45" 
Steel 0.002 00 6' 53" 
Polished Steel 0.0004 00 1' 23" 
For non-spherical shapes he notes the increased 
angle of inclination required to effect rolling and this 
angle is a summation of the friction and the tilt angle~ 
where 
~"' 180° 
n 
and n = number of sides for regular polygons and ef' equals 
say 30° for an hexagon where n = 6 and 0° for a sphere where 
n "' ex:::> • 
Although it is impossibl~ to apply this to any but 
regular shapes it does indicate the composite natur.e of 
the interparticle friction value in that angular particle 
systems have higher friction values than for spherical 
particle systems of similar surface characteristics. 
cJl as a result becomes a measure of the mechanical 
interlocking and the COULOMB equation can be modified to 
include a composite angle of :l.nternal friction as follows:-
• 
= 
Therefore in any shear cell the result of interparticle 
friction will include 
angle ( ~ ~) could 
the tilt anglecJI and the composite 
be referred to c.s the angle of 
rolling friction·and tan (SO ~) 
rolling friction. 
the coefficient of 
2.40 
--·· ------ ~---·~--~---· ~-
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6. Effect of Admixing on Flow and Friction. Flowability 
has been assessed by MATEI and HAUSNER38 for an admix of 
copper and iron powder in various proportions. The 
assessment was carried out using the Hall flow timer 
and the times recorded for copper and iron were 39 seconds 
and 31 seconds respectively. Flow time for the admixtures 
lay virtually on a straight line graph between the two 
values. The importance o£ the test was however revealed 
with respect to mixing time in that the standard deviation 
of the flow times became large when mixing times were less 
than 16 minutes. This behaviour was stated to be a result 
of the difference in frictional behaviour of the two powders. 
The coefficient of normal static friction of various metals 
was given for comparison as:-
Metal 
Coefficient of 
Static Friction 
er 
0;,4 
Ni 
0.7 
. 
Fe Cu 
1.0 1.3 
Effects of the Use of Vibrational Energy 
Al . P:b 
1.3 1.5 
This section of the review is concerned with 
information available on particle behaviour under the 
influence of applied vibrational energy. Behaviour is 
meant to include the aspects of particle friction and how 
it affects flow and settling or densification to the point 
of maximum densification without particle deformation by 
high applied external forces. 
The use of vibration is however also considered under 
the heading of Vibratory Pressing. 
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Very little is reported on the effect of vibration 
on the frictional aspects of particulate material although 
certain workers do report the effect of vibration on shear 
strength. MOGAMI and KUBo 39 for instance vibrated soils 
in a direction normal to the shear plane and found a 
reduction in shear strength. No information is given 
on optimum vibration conditions except that increased peak. 
acceleration furthers a reduction in shear strength. 
BARKAN15 conducted experiments with sand, the vibration 
being applied parallel with the shear force. A linear 
coulomb relationship was established both with and 
without vibration the slope of the graph with vibration 
being at a lower angle indicating a lowering of the shear 
force and reduction of friction by the vibrational 
treatment. 
Although friction is involved in vibrational 
behaviour much depends upon the vibrational parameters 
and initial settling condition pertaining as follows. 
1. The Equilibrium Settling Condition. The dispensing 
of particulate material into a contained volume is 
reported by KOLBUSZEWSKI40 to produce a density within the 
container which is proportional to the velocity of fall of 
the particles. Constants in theequation would relate to 
the characteristics of the particles, the environment in 
which pouring took place and the time.of pouring allowing 
·assemblage of the particles • As a result a stabilisation 
. . 
of particles occurs whose equilibrium can be disturbed by 
the transmission of forces into the mass to produce a new 
state of equilibrium, the latter relating to :-
cont'd ••• 
----------------- - - -
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(a) ·the nature and extent of force applied; 
(b) ·the abili·ty of the mass to transmit force; 
(c) the .energy b21.rrier or threshold. 
IIAUSNER41 considers the nature of rectilinear 
sinusoidal vibration to include the amplitude, frequency 
and time of application as the basic factors. Additionally, 
the masses involved, the number of vibrators, the direc·tions 
of application and the presence of resonance or. attenuation 
will influence the cumulative effects of the vibration. 
The ability of the particle mass to transmit fo.cce 
and the thresholr1 value at wl1ich mobility occurs will 
depend upon the characteristics of the powder to include 
"lensity, grain shape,size and distribution, existing 
apparent density, surfc>.ce charac·ter, coh<=sion, adhn::;ion. 
effect of lubric<lnts, humidity and temperature. 
The mode of force transmission will be considered 
subsequent to a consideration of vibrational paramete:cs 
on settling and activation. 
2.Densification from_Bguilibrium by Vibration. The use 
of vibration for densifying oxide powders for fuel 
elements in nuclear power engineering is indicated by SMITH 
and WHITE 42 to have received a great deal of attention in 
recent years. Youn21 also indicates a wide application 
in the field of soil mechanics. 
(a) Effect of frequency,, amplitude and resonance. The 
most recent review of the literature on the subject of 
densification is by GRAY43 who in the first instance 
points out the fact that the application of vibration to 
particle beds has almost universally been conducted using 
I 
------------------------------------------
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sinusiodal vibration which lends itself most easily to 
anaylsis. Furthermore he endorses the fact that a large 
number of variables affect densification, but with respect 
to the vibration parameters, the prominent factors are 
frequency and amplitude although full agreement does not 
exist on which has the greater influence. 
The concept of resonance in granular masses is 
referred to by CONVERSE44 who indicates the most 
efficient packing of soils by its use. BARKE~5 indicates 
resonance as an aid to pile driving .and GOKHALE45 as an aid 
to concrete tamping. A precise definition of the 
necessary resonance conditions for particle activation has 
not been given. McGEARY(25)refers to a lowest resonance 
frequency and other workers typically EVANS and MILLMAN46 
refer to the resonance frequency of the powder and of the 
system of powder plus container as a whole. SHATALOVA47 
refers to resonance as the frequency at which maximum bed 
movement is obtained and frequency ranges are suggested, 
relative to particle size, that will produce resonance. 
particle size u.m. freguency h'J 
> lOO lOO - 200 
1 to lOO 200 
-
300 
--------·-
--------------------
< 1 > 300 
various ideas fo.r the application of the critical 
or resonance frequency have been given. DESOV48 uses 
two superimposed frequencies for maximum compaction of 
cement.and aggregate in concrete. HAUTH49 adopted the 
·' method of sweep1ng through a range of frequencies to excite 
different particle sizes. 
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Other workers base their conclusions on the fact that 
acceleration is the dominant parameter, Youo21 for 
instance produces a relationship of the type 
emin) exp. (- k [a - aJ ) 
where e . m~n = minimum void ratio···. 
e = 
max 
maximum void ratio 
a = acceleration 
ao = threshold acceleration 
k = a constant 
Evans and Millm~n46 conducted research on bronze powder 
litharge and alumina using an electromagnetic vibrator. 
They mention the resonance frequency possibility and put 
forward a formula for power consumption in vibrating 
granular materials as 
w = )( ma~ 3 
where W = power consumption, K a constant, 
m the mass, a the amplitude and V the frequency. 
The completion of settling was noted to take place in 
the first 10 seconds of vibration, a factor also noticed 
by LIKHTMANSO. 
The combined effect of frequency and-acceleration was 
studied by SELIG51 and his work presented in graphical. form 
is of the type shown in figure 4 which shows the correlation 
• 
,of amplitude and frequency with constant density curves. 
Whilst the individual effects of frequency and amplitude 
have previously been reported this presentation allows 
more readily the determination of optimum conditions for 
settling. 
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(b) mechanisms of densification 
A mechanism for settling by vibration has been 
52 
suggested by TNZAf~SHI et al, who noticed the projection 
of particles from the base of the container were 
subsequently subjected to impacting. The impact velocity 
vms related to the densification produced. MACRAE53 et al 
drew up a similar relationship using coal and zircon sand 
as the particulate material and this is shown graphically 
in figure 5. An impact veloci·ty of approximately 5 in/sec. 
for zircon sand and 8 in/sec. for coal give maximum 
densification above which vc,loeit::.es the materials lose 
this maximum density. They conclude that compact:ion is a 
function of the energy supplied to the bed. 
GREY and RP.OVES54 extend the variables of frequency 
and acceleration to include the relative masses of the 
vibrator and bed, th3 bed depth and the characteristics 
of the powder. 
To these can be added tl:•.e use of superimposed masses 
on the top surface up to and beyond the point at which no 
permanent deformation of the particles occur. Whilst no 
information is available on the former the latter is 
reviewed under section 2.45 as Vibratory Pressing. 
54 
GREY and RHODES consider the forces causing the 
settling of parti<::les to be the potential energy produced 
by.the gravitational force. Kinetic energy when supplied 
by vibrations is ·then necessary to allow particle separation 
and movement to new positions. A critical kinetic energy 
level is suggested below which densification is negligible 
The state of the bed on further application of kinetic 
energy depends upon the balance of kinetic to potential 
energy as follows:-
----------------------- --- - --
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K E ~PE above critical level densification.occurs 
below peak densification, r 
K E = PE 
gives f,eak dens.i:fication 
the bed dilates and settles back to 
a densification below peak. 
(c) energy transfer to particle beds 
The fact that energy must be supplied and transferred 
into a particle bed to provide particle mobility as 
settling or densification is generally accepted, but the 
mode of transfer has been the subject of investigation. 
TwO generalised approaches have been made either to treat 
the mass as a continuum, and in som~ cases assuming it to 
be elastic and isotropic, or to use the purely particulate 
approach, 
BARKE~5 and SKIJ?P55 et al have reviewed the 
continuum work and DERESIEWrcz56 and EASTHAM57 the 
particulate approach, 
EASTHAM attempts to predict a force profile at any 
height above a vertically applied force from a point source 
and also from a defined area source, 
random distribution of point contacts in particulate beds 
he states-that energy is transferred in packet fashion by 
. 
numerous routes through these contacts. The velocity of 
propagation through sand as a function of bed depth is shown 
in figure 6, The velocity is falling exponentially with 
depth which appears to be typical of a particulate bed 
whereas with a continuum the velocity would. remain constant. 
The velocity of particles was also found to vary relative to 
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the position horizontally as well as vertically and 
the graph by TNzaHASHr58 , figure 7. shows the 
Gaussian distribution obtained. The force profiles 
found by EASTHAM57 agreed with this profile since with 
sinusiodal vibration the peak acceleration and hence force 
are a function of the velocity values. 
The transmission of force by the powdered material 
is therefore depende.nt upon the materials' characteristics, 
since different force profiles were obtained with different 
sands by EASTa~157 , and upon the manner ih which the 
energy is introduced by the source in addition to the 
source strength itself. With respect to the latter the 
power output mu2t be sufficient to oscillate the mc.ss 
involved and overcome damping forces present. Provided 
this is the case it is then the peak acceleration of the 
particles relative to the gravitational force that becomes 
the ruling factor. (assumjng vertical rECtilinear sinusoidal 
vibration) • 
If the peak acceleration reaches g or greater an 
indirect force transmission factor appears, which will 
hasten the settling rat:e and is normally referred to as the 
impacting mechanism54 • 
(d) the impacting mechanism of energy transfer 
TAKAHASHI58 and YOSHIOA59 use mathematical models to 
explain the mechanism of settling in terms of the impacting 
effect~• As the acceleration of the container and particles 
becomes greater than lg the particles become airborne and 
will on descent accelerate at lg to collide with the 
u.pcoming container which produces an increased combined 
force for settling. They assume no distortion of the 
/ .. 
---
-- -- - - - - -~ -
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excitation waveform by impacting, i.e,- remains purely 
sinusoidal, 
using the following symbols -
a = amplitude 
g = gravitational acceleration 
t = time (suffix S for separation) 
M = Mass of container plus powder 
m = mass of powder 
c = damping coefficient 
k = spring coefficient 
X = distance or displacement 
• velocity dx/dt X = = 
2 
••• acceleration = clx;dt2 X = 
V) = angular velocity = 2 'I! n. 
n = frequency 
Suffix 1 = container 
SuffL~ 2 = powder 
= relative position of particles 
to that of the container. 
They shov; that wher. the particles are still in 
with the bed and •• < X ~ g 
then xl and x 2 = a sin. (~t) 
~ 
and x2 w (c.-> t) xl = a cos 
•• •• ul (W t). xl and x2 = a sin. 
contact 
• 
The particles and bed still have the same velocity and 
acceleration at any relative displacement Xr = o. 
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•• When x ;> - g the particles can separate from the 
•• container and each other (a slightly higher x would be 
necessary if cohesion and other such forces had to be 
overcome) and are in free flight relative to the container. 
The container will meet the particles on its next upward, 
or later stroke, to produce a collision which is the 
IMPACTING effect. 
The motion of the particles is suggested to be:-
•• xz "' g or = - g + c xr 
• (Wts) xz = - g+: + a cos + gts 
and x2 
(t2 2 (W ts) (t - t ) = g + ts ) + a.w cos s 2 
+ a sin (W ts) + gt .. ... ~ s· 
This of course is an idealised mathematical-model 
but in practice the difficulties of the energy transmission 
gradient both horizontally anf vertically within the bed, the 
• 
presence of cohesive, adhesive and keying forces of the 
particles and the effect of th0 wave distortion due to 
impacting make such a model difficult to apply. 
The idea of impacting was considered by GBEY and RHODEs54 
who used atroboscopic lighting and high speed photography of 
6000 frames/s in the attempt to show the profile of impacting. 
These workers also point out the difficulty of predicting the 
density of vibrated _powders because of the equipment variables 
involved. 
Impacting is also discussed in chapter 5 since it was 
also a feature observed in this research, the profile of 
which was recorded by the use of an oscilloscope. 
'-----. __ 
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(e) the theory of vibratory conveyors 
One of the most interesting analyses of force 
transmission in particulate beds is that given by GUTMAN60 
for par·ticle motion by vibratory conveyors which· rely upon 
the free flight effect to obtain material transfer along the 
conveyor trough followed by impacting. 
Two types of conveyor are in fact used,the first 
where the material is not projected upwards from the trough 
and relies upon slow forward and fast return accelerations 
of the trough to effect material transfer and is known ar; 
the constant force of adhersnce conveyoro 
:t:t is the second type that is of the greatest. interest 
here since the particulate material is lifted from th-a 
surface of the trough by applying simultaneously horizontal 
and vertical forces and is known as the vari<:!ble force o£ 
adherence conveyor. It is also the type most widely used 
because of the greater simplicity of the mechanism employed. 
The earliest publication on this subject ·was by ZIMMER61 
and a more theoretical investigation made in 1958 by BERRY62 • 
The basis of vibratory conveyors of variable force of adhesion 
is shown diagrammatically in figure 8 which illustrates a 
trough on which the material is conveyed supported by leaf 
springs set at an angle of 15 to 25° and the whole oscillated 
sinusoidally from a drive unit of angular velocity 2 T! n. 
The motion can be derived into the horizontal and vertical 
components of velocity and acceleration. The material on 
the trough must be projected upwards at a sufficient acceleration 
to overcome the force of gravity and horizontally to provide 
forward propulsion. .The horizontal force should not exceed 
that which will give slip of the· material on the conv:eyor, that is, 
·~--
it must not be greater than the force of adhesion. 
' 
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The motion of the conveyor itself is described by the 
following equations of displacement velocity and acceleration 
where r = crank radius. 
X = r (1".;. cos !.I) t) 
• ;~ = r· c..> sin Wt 
.... 4 2 2 Wt. X = wn r cos 
The horizontal and vertical components are found by 
multiplying these equations by cos. o(. or sin ,J.. 
respectively where ~ =the tilt angle of the" leaf 
springs. 
The normal force fT on the particles is given by 
m.g but during the ascending stroke an additional normal 
force of m ~ sin~ is produced such that the total 
normal force is -
Total (j = mg + nUt sin J... 
= m (g + X sir.d-.) 
From the relationship ' = (J' po neglecting the 
cohesion constant C where ~ is the shear force, in this 
case horizontal, and J'o is the static coefficient of 
friction of the particles on the trough then '1:' should 
not exceed 0". re that is 't'" <.· 0" fo 
or 't'" <. m (g + •• .)( sin J..) yo, 
otherwise slip will occur. 
•• 1 Since the horizontal force is given by '%1\ X cos er-
the final relationship to prevent slip is -
m !! cos 1 < m ( + •• · ·1 ) 11 A ~ g x s~nQ' ro. 
These formulations make it clear as to the importance of 
force transmission and the characteristics of the powde:o::, in 
particular here the friction and interparticle friction, on 
the activation behaviour of powders in settling and densification 
I ... 
- - -- - -- -- ------------------
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The graph given in figure 9 shows how for a given energy 
impact, in this case stroke of the trough, the particle 
velocity produced will vary according to the.friction 
coefficient. 
GUTMAN60 also points out that should slip occur on 
the conveyor it becomes incipient as a result of the static 
friction coefficient dropping to a lower dynamic level. 
During the descending stroke of the conveyor the 
particles are projected forward and will rejoin the 
trough on the next cycle similar to the process of impacting 
previously described. 
The practical values of vertical and horizontal forces 
for efficient conveyance are given as 0.2 g to 0.92 g for 
t:te horizontal for low and high friction materials 
respectively and 2.5 g to 3.9 g for the vertical for a 
high and low spring angle of 25° and 15° respectively. 
::? • Activation beyond equilibrium settling. Reference has 
been made already, GREY and RHODEs54, that with an impact 
energy level of sufficient intensity settling is revers0d 
to bed dilation. KROLL 63 reported a bulk circulation of 
64 particles in a vibrated bed and ALYANAK produced photo-
graphs of the motion of sand in a cylindrical container. 
He explained the motion as being a result· of wall friction. 
58 TAKAHASHI et al. reported that circulation could only occur 
when the peak acceleration exceeds that of gravity. 
Circulation was purported to be upwards from the vibratio~· 
source and downward in the areas of least vibration intensity 
which are the \lalls of the container. The flow aspect has 
been applied by KURTEEVA 65 to the mixing of powder samples 
for therapeutic applications who used a frequency / 
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of 880 k.H applied to a flat bottomed container. The 
z 
.11\ethod is claimed to intensify the mixing process and 
achieve mixing in a reduced time. The activation is 
reported to be acceleration dependent at a level below that 
producing cavitation, 
The use of a similar acceleration level was noted in 
this research with the fine aluminium powder where force 
transmission produced a series of rising horizontal faults 
or cracks in the mass. Excessive acceleration produced a 
cavitation within the lower faults endorsing the fact of 
,. the existence of force gradients. 
The combined effect of air flow and vibration on 
59 particle movement was examined by YOSHIDA who used peak 
accelerations greater than 1 g. He noted the formation 
of a cavity between the powder and the container base and 
the presence of a rarefaction compression system was 
deduced which improved air flow through the system and 
induced fluidisation at an earlier stage than with air or 
vibration alone. 
The applications of the sonic activation of powders 
is described by MEDCRAFT66 who also shows the advantage of 
using sound modulated air. See fig. 10. ______ _ 
An attempt to freeze fluidised beds for the study of 
particle movement and flow pattern was made by ABRAKAMI and 
67 • 
RESNICK by use of molten wax, gelatine and fast settling 
resins but the penetration of the fluid into the voids 
caused a loss of the patterns it was hoped to study. 
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Fluidisation of particle beds is a widely applied 
system used in industry for a variety of purposes. MORSE 68 
details the use of sonic energy as a means of fluidising 
fine grain powders such as plaster of Paris and pigment 
which have high particle cohesion. This latter property 
is not effectively overcome by normal gas flow fluidisation. 
Frequencies used ranged from 50 to 500 H • 
z 
An analysis of fluidisation is given by VERLOOP and 
HEERTJEs69 who give physical descriptions of fluidisation 
occurring with decrease in air flow velocity as follows:-
Dilute homogeneous, with high porosity and fast 
random motion of particles. 
Dense homogeaeous, with lower porosity and particles 
having irregular movement around an equilibrium position. 
Small porosity fluctuations occnr and some p"<rticles 
occasionally lose their equilibrium. 
Heterogeneous fluidisation - characterised by the 
existence of shock waves or bubbles. 
It is not intended to give an extensive review of 
activation of particle beds to the point of fluidisation 
since the latter is not the essence of the research. 
The ideas regarding energy transmission may however 
prove to be of value. 
4. Vibratory Compaction. In the field of compact 
production using presses the idea of applying vibrational 
energy during the press cycle has.three main aims. Firstly 
to reduce the compacting pressure and. thereby allm'l larger 
components to be made 0n the same size press and in addition 
improve on the rate of press cycling. Secondly to pro1uce a 
I .. 
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compact of greater consistency, particularly where components 
differ in section, and thereby allow greater control of the 
green density values. Finally, to reduce frictional contact 
between the powder under compaction and the die walls in an 
effort to reduce wear on the die. This latter point is 
related to the first aim of reducing compaction pressure and 
should also be reflected in a reduction of ejection pressure. 
LIKHTMAN50 et al provide a comprehensive review of 
the work carried out in the Soviet Union up to 1960. The 
essential points made are the reduction by vibration of the 
pressure of compaction to a fraction of the static pressure 
and, secondly, a more uniform product free from cracks. 
BRACKPOOL and PHELPS70 using spherical copper also 
found an improvement in the uniformity of density and also 
higher density compacts. Their vibration unit, for 
superimposing vibrational impact forces on to a normal 
static force, consisted of out of balance masses on contra-
rotating shafts. The masses were so arranged as to cancel 
the effect in the horizontal plane. They noticed a two 
stage process, one of impacting when the static pressure was 
less than the vibration force and then a normal condition as 
the static pressure built up# to give final compaction and 
deformation of the copper. 
They found a reduction in the static force required and 
give the amplitude and frequency of vibration as influencing 
factors. 
A more recent review on the densification of metal 
powders by TAYLOR and MARSHALL71 indicates the demand for the 
production of larger components and that machines themselves 
are the limiting factor in the process of compaction. They 
/~. 
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mention the use of inertial energy machines as being more 
efficient than the conventional type and that inertia to 
the punch may be of a single impact or multiple impact 
type. 
where 
The energy/impact being quoted as :-
mv2 = E 
2g 
m = mass 
v = impact velocity 
g = gravitational acceleration. 
The inertial energy is again understood to be super-
imposed on the static conventional pressure system. 
GORBUNOV72 and BELL 73 et. al. suggest the use of 
vibrational compaction for hard and brittle powders and 
show the design of a press with plattens heavily spring 
loaded and fitted with numerous vibrators acting n9rmal 
to the static pressure at lOO to 200Hz frequency. 
They claim a "hundredfold" reduction in compacting 
force and compacts free from internal stress and of greater 
and more uniform density. POKRYSHER74 considers the case of 
ultrasonics for the activation of sintering with positive 
results. ultrasonics however as a form of vibrational 
energy is insufficiently intense and lacks the necessary 
energy to be considered as an aid to settling or compaction 
of powders.· 
The use of ultrasonics coupled to hot pressing has 
been used by THOMAS and ~ONEs75 on a range of powders 
using magnetostructive transducers operating from 5 - lOO K.H~ 
frequency, both in the horizontal mode on to the die or 
in the vertical mode on to the punch. In general the. 
densification of the hot pressings were improved but the 
effect is limited to the first 1- inch of the pressing as 
a result of attenuation. 
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BODINE and cAtiF76 took out a u.s. patent in 1957 for 
Sonic-Moulding of Powdered Metal. A feature of the 
invention is to create nodes and antinodes within the 
powder mass and to create a resonance to assist the flow 
of particles into complicated pockets. The wave energy 
is stated to be so intense that it creates heating at the 
points of contact of the particles sufficient to produce 
bonding or welding together of the particles. Pressure 
is steadily increased during vibration to form a compact 
resembling a hot pressing. 
SELLORs77 examined the use of vibration during 
isostatic pressing. The study showed the marginal 
effect of a fixed frequency of 50 H~ on 200 g samples 
•· ·of iron and steel powders and note~ the cost and inconvenience 
to the process as being unwarranted in terms of the 
marginal effect obtained. 
(a) frictional effects 
Whilst many studies of frictional phenomena 
occurring during conventional press compacting have been 
made,virtually no mention is made of friction pertaining 
to vibratory compaction. Indeed, the latter approach 
may not be necessary since any reduction in friction 
-- --- ---------
provided by vibrational treatment during compaction would 
simply manifest itself as a reduction in compaction and 
ejection forces and in a.greater uniformity of density of 
• 
green compacts. These aspects have been reviewed under 
vibratory pressing but in order to obtain maximum benefit 
from such pressing techniques it seems logical to understand 
the causes of friction and methods by which friction is 
reduced in conventional pressing, a subject which has 
attracted much deliberation and research. 
•. 
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HAUSNER and SHEINHARTZ78 point out the special 
problems of friction in powder pressing and they list 
instances where different kinds of friction occur. 
These are between punch and die, interparticle, particle 
to die wall and cpmpact to die wall during ejection. 
The friction between punch and die depends upon 
the materials of construction, clearances and surface 
conditions and provided correct constructional procedures 
are followed the frictional contact and wear is low. 
Little is known about interparticle friction during 
' 
pressing and in any case is considered to have minimal 
effect when considering the effect of the powder on the 
die wall. It is this die wall friction that manifests 
itself to the greatest extent as pressure losses, 
density gradients, heat and die wear. Here the surface 
condition of the die and the characteristics of the 
powder have greatest influence and much attention has been 
paid to the use of lubricants. The reduction of friction 
at the ejection stage of the compact is also desirable in 
preventing spalling of the compact. 
The friction and lubrication of continuum solids 
is well Understood and covered adequately in the literature 
typically BOWDEN and TABOR 79 • ~~~ ~~~~ ---~ ------
The approach to friction in the powder pressing field 
has in general been the study of the effect of additives 
that reduce friction and thereby press forces and die wear. 
Additives have been sprayed or dusted on to the tooling 
with limited success but by far the most widely used technique 
is that of admixing friction reducing additives with the 
powder. HAUSNER and SHEINHARTZ78 list hydrocarbons, salts 
of organic acids, graphites, amines and sulphides as possible 
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additives although much attention has been given to the 
metallic stearates particularly zinc stearate for the bulk 
production of iron powder compacts. 
YARNTON and DAVIES80 81 note that lubricant exuded 
from an admixture on to the wall during pressing seems to 
be the main lubricating factor. Excessive lubricant was 
found to produce inhibition instead of lubrication and 
the transition occurs in a Gaussian manner with lubricant 
content. Values of friction during ejection have been 
determined by MALLENDER, DANGERFIELD and COLEMA~ with iron 
powder containing o.s to 2.0 wt.% of zinc stearate and the 
results have been noted to vary with the type of zinc 
stearate used. 
The literature is in fact very. extensive on this 
theme but since vibratory compaction is not the main 
theme of this research it will not be pursued further. 
---- .,---"---~ ___ c._ ______ _: _ ••-· ---~'-- --"--------- • 
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CHAPTER 3 
3.00 CHARACTERISATION OF POWDERS 
3.10 Introduction 
The literature review revealed that with bulk powder 
the particle activity, with respect to vibrational treatment, 
is dependent basically on the vibration parameters, the 
environmental conditions and the characteristics of the 
powder. It became essential therefore to examine the 
, powders characteristics and properties as fully as 
-possible so as to understand the· observed behaviour under 
the influence of vibrations and make correlations and 
conclusions. 
The basis of characterisation must include a 
knowledge of the method of manufacture the factor which 
ultimately determines the partial size, size distribution 
and shape as well as the microscopic surface topography. 
These factors will then influence the apparent density 
tapped density flow and frictional behaviour. 
3.20 Methods of Manufacture of Metal Powders 
This is an extensive subject and only the salient 
details will be considered here. The significant methods 
' 22 
of manufacture are discussed by HIRSCHHOR~ as: 
(a) atomisation of liquid metals; 
(b) chemical decomposition and reactions.; 
(c) electrolytic.deposition; 
(d) mechanical processing (comminution). 
Atomisation can be applied to almost any material that 
can be melted by impingement of a stream of gas or jet of 
liquid on to a stream of the molten material. The' resultant 
/cont' d ••• 
~~~~~----------
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metal or alloy particles·can vary in size and shape 
according to the geometry and kinetics of the system. 
The jet velocity will control particle size and the 
cooling rate of the droplet its sphericity, slow 
cooling favouring spherical shapes. 
The best example of decomposition is that of the 
reduction of metallic oxides by solid carbon, the 
resultant material being porous or spongy in nature and 
is generally subjected to comminuti.on and possible. 
further treatment. Iron from the reduction of iron 
ore for example. is pulverised and annealed in hydrogen· 
to reduce oxygen and carbon before final grading. 
A number of metals can be made' to deposit in the 
sponge form on to the cathode of an electrolytic cell 
followed by comminution. Copper, iron and beryllium 
powders are produced in large quantities by this 
technique and tend to have a characteristic "fir tree" 
appearance. Due to the conditions of electrolysis the 
powders may require annealing to remove brittleness. 
Mechanical treatment is usually a secondary operation 
with metals to disintegrate sponge and electrolytic · 
deposits~· 
.. 
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1. 'I'he powders used in this research are listed below:-
Table I- General Description of. powders 
Powder Material Manufacture and 
Number Type 
1 Bronze 90'/o Cu 10'/o Sn Air atomisation 
2 " " " " " producing spherical 
3 " " " " " particles of 
4 " " " " " dendritic surface 
5 " " " " " topography 
.6 " " " " " 
7 Copper - Spherical Air atomisation to 
spherical shape 
8 Copper - Low Density Reduction of copper 
oxide. Low Density 
9 Copper 
-
Irregulm:· Water atomisation to 
I irregular shape 
10 l Copper/Tin Admix Blend of 90% Low I Density Copper and 
I 10'/o Tin, both 
' comminuted 
' 
11 Iron - Makin PlOO Oxide reduction 
12 " - Atomet 25 Atomised 
13 " - Atomet 28 Atomised 
14 Aluminium Ato:rrised 
15 Makin Pl00/0.5% Zinc Stearii:te 
16 " " /1.0 " " Admixture (Ccn~ical 
17 " " /1.5 " " 
18 " " /2.0 " " Mill for 30 minutes) 
·. 
The Copper/Tin Admix was of unknown Tin content and a 
' 
full chemical analysis revealed the composition as follows:-
I Table 2 - Analysis of cuZsn Admix 
Element % Element % 
Sn 9:64 Ni 0.02 
cu 87.90 Fe o.os 
pb 0.07 Zn 0.27 
·Moisture 1.90 
•"· ·-. ~-' ,. 't .' • 
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3.30 Particle Size, Shape, Size Distribution and Surface 
Topography 
' 
The definition of powder given by B.S. 2955 {1) 
states that it should consist of discrete particles 
of dry material with a maximum dimension of 1 mm (-1000 prnl 
which includes the general range of powder metals. 
The types of particle shape are also defined as dendritic 
crystalline, angular, acicular, fibrous, flaky , granular, 
irregular, nodular and spherical. 
The size and shape of particles are fundamental 
characteristics which are a product of the method of 
manufacture. Shape can vary from nearly spherical and 
slightly irregular for atomised particles to flake, rod-
like or acicular for electrolytic and chemically produced 
particles. In addition the surface topography may vary 
on a microscopic scale which although not affecting the 
general shape will markedly affect behaviour with respect to 
frictional, keying and energy transfer properties •. 
The importance of particle size, size distribution and 
shape on the packing factor has been shown in chapter 2. 
It is expected that the specific surface area will increase 
with smaller grain size and correspondingly the interparticle 
friction due to the increased_number~of_contact_points~ 
As grains become more angular in shape this also 
causes, relative to an equ_ivalent sphere s;i.ze, an increase 
in specific surface area and in addition a greater mechanical 
keying effect. 
1. Particle Size Determination 
The accurate determination of particle size can only be 
made for perfect spheres. Departure from the spherical shape 
results·in reduced precision and becomes at best an approximatiol1 
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The traditional method of defining particle size is as 
a sphere equivalent. A two dimensional geometric equivalent 
' · such as that of equivalent area or equivalent perimeter of 
the projected image of the particle on its most stable base 
may be used. These parameters in terms of equivalent 
82 
sphere diameters correspond to the MARTIN and FERET 
diameters respectfully and a~e of importance with analysis 
methods involving electron scanning. The Martin 
diameter however equates to a sphere of slightly smaller 
diameter than the Feret diameter equates to. 
Alternatively, a three dimensional geometric sphere 
equivalent may be used such as the equivalent volume or 
equivalent surface area • 
Other methods can be used that relate directly to the 
physical behaviour of the particles such as for example 
the settling speed as is the basis of sedimentation and 
elutriation analyses. 
Sieve analysis, which is widely used because of its 
simplicity and speed, determines the particle size 
corresponding to a square aperture in terms of the linear 
side dimension through which the particles just pass. 
Attempts have been made to quantify-a-system_of _ 
particles for size by use.of statistical methods and one such 
system is given by HEYWOOD83 • He indicates that a system 
of particles ea~ be characterised according to linear, area; 
volume or mass relationships knowing the number of particles 
. in a group, their massf volume or density and assuming the 
particles to be all of the same shape •. 
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Using the following symbols -
X = linear mean size of par-ticles in a group 
x2 
= area " " " " " " " 
x3 
= volume " " " " " n n 
M = mean mass " " " n " 
dN = n\~ber of particles in the group 
~ = sum of groups 
Then for me-<:tns of 
Number length mean diameter 
Number surface " " 
Number volume " " 
t1ass · mean di<:tm<Ster 
2. Particle Shape Notations 
£:X dN/~ dN 
~ X2 dN/zdN 
3}5 x3 dN/!C. dN 
.... 
:£X dM/~,dM 
Particle shape may be distinguished from the two 
basic concepts of dimensionality and surface c.::ontour22 • 
Particles which are significantly longer in one dil:'oction 
are usually acicular or rod like and have high aspect. 
ratios 1/d. Fl~ke particles are similar but the length 
and width are significo.ntly greater than the thickness. 
Dendritic particles are rare in terms of shape but particles 
may have dendritic surfaces. Most particles are three 
dimeJ1sional in nature; being equiaxed, and can be considered 
in relative terms to a perfect sphere. Particles m<;J.y be 
porous to some degree or contain surface fissures which 
must be considered if adequate description of surface 
contour is to be provided. 
82 IlEYWOOD refers to shape as having the parameters of 
(a) geometric. form as related to the nearest 
equivalent of a regular shape such as cube, 
tetrahedra and so on. 
--------------------------------------·---· --
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(b) rolu.tivc proportion of length to breadth 
to thickness such that 
Elongation ratio n = I,jB 
Flatness ratio Ill = B/T 
Other relationships in terms of surface area and 
volume u.re given as -
2 Surface area of particle o~ da 
Volume of particle 
- d 2 
= fa. a = 
where da ~equivalent ">phere diameter (Martins) 
fa ~ surface coefficient 
ka = volume coefficient 
dv = equivalent sphere volume 
ds = equivalent sphere surface area. 
The volTh~e coefficient can be determined from a 
knowledge of the number, mean size, mass and densi·:::y of 
particles composing a fraction graded between close limits. 
Relationships can then be established according to 
1'/ADELL 84 to determine the sphericity shape coefficient t 
where 
't ·- Surface area of sphere of same volume as particle 
Surface area of particle 
n d 2;r:rd 2 
V S 
An alternative expression is used- by the FISCHER85 
system known as the coefficient of angularity which is 
simply the reciprocal of the sphericity shape coefficient. 
-------------------···-·----
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3. Classifica·tion of Hothods for Siz£.!_5hape and 
. Distribution Analysis of Particles 
It is not intended here to give a full resume ofthe 
methods since those can be obtained in the literature but 
merely to give a brief classification. 
KAYE 86for instance classifies methods as follows: 
Group 1 - Techniques in which the size distribution 
of the grains of a powder is measured directly: 
Hicro·scope methods 
Sedimentation methods (gravity or centrifugal) 
Stream methods 
~------------------------------------------------~ 
Group 2 - Techniques in which frac·tior,ation of a po•'.:J.:::;:c 
is an essential step in the analytical process: 
Sieving techniques 
Elutriation {gravitational or centrifugal) 
1------·------------------------------1 
Group 3 - Evaluation of the surface area of a prn,-dcr 
from adsorption studies: 
Static methods 
Ga.3 flm< methods 
Group 4 - Characterization of a powder from permeability 
studies: 
Dynamic permeameters 
Static permeameters 
. 
General Classification of Powder Analytical Techniques. 
Full details of the techniques used in this research 
are given in the following section 3.40 • 
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3 4 Methods used for Particle Characterisation • 0 
... 
The following list indicates the extent of analysis 
and characterisation undertaken. 
Particle flow 
Apparent and TOpped Densities 
Angle of Repose 
True Density 
Sieve Analysis 
Sphericity Coefficient 
Jenike Friction Cell 
S.E.M. 
Certain abbreviations are used in this section as 
follows:-
M.P.I.F. Metal Powder Industries Federation 
S.A.E. Society of Automobile Engineers 
A.S.T.M. American Society for Testing Materials 
B.S.I. British Standards Institute 
Note on Sampling:- For representative analysis of 
particulate materials it is important at the outset to 
obtain samples from large batches and sub-divide these 
· into smaller representative samples either by hand using 
the cone and quarter method or by use _of __ a mechanical 
divider. The most effective of these is the spinning table 
or riffler divider where powder from a hopper is divided and 
sub-divided by container~ on a spinning table. I<AYE 86 
points out that efficient and effective sampling should always 
be considered as an integral part of particle analysis. 
----------------~- - - ------------------------- -- -
·-
-53-
1. Flow of Metal Powders - The Hall Flowmeter is invariably 
used for particle flow determinations. The meter consists 
simply of a 60° conical funnel into which the dry powder, 
usually SOg ± O.lg, is introduced. The time for the powder 
to leave the funnel through the base orifice of diameter 
2.54 mm, after removal of a restraining finger, is 
recorded on a stopwatch, figure II. 
Standards A.S.T.M. 
M.P.I.F. 
B213 - 48 
3 - 45 apply. 
variations in the flow characteristics of the funnel 
can he established by calibration with 150 mesh Turkish 
emery. The average of five runs was recorded to give a 
maximum variation of 2% or 6% for free flowing powders. 
Results from the powders employed in this research 
are givm in table 3, overleaf. 
2. Apparent and Tap Densities. M.P.I.F. standard 4 - 15 was 
adopted. A quantity of dried powder was allowed to pass 
through the Hall flow funnel into a density cup of capacity 
25 cm3, figure II. The cup was gently levelled and the mass 
caught established in order to calculate the apparent density. 
Results are again given in table 3 which are an average of 
three deterrninations. 
Tap Density determination is an extension-of-the 
previous method for Apparent Density. The density cup is 
tapped until no further improvement in packing occurs as 
deduced by a constant maximum mass_of powder in the cup. 
Results are included in table 3, together with a· 
DT/DA ratio. 
- ! 
• 
' 
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TABLE 3 
Results of Densities, Flow and Angle of Repoce of 
Experimental Powders 
Powder Apparent Tap Flow Angle of DT/DA 
Designation Density Densit1 Time for Repose 
g/cm3 g/cm3 SOg J... DA DT seconds 
600 pm Bronze 5.26 5.52 19.68 19.5 1.04 
400 " " 5.27 5.53 21.19 21.2 1.04 
200 " " 5.22 5.54 17.67 22.5 1.06 
lOO " " 5.20 5.61 16.84 24.0 1.07 
40 " ... 5.22 5.70 14.50 24.7 l.o9· 
20 " " 5.06 5.70 17.93 27.7 1.12 
Copper S.P.H. 5.04 5.47 19.31 27.5 1.08 
" L.D. 2.28 2.81 53.77 37.4 1.23 
" I.R.R. 3.10 3. 77 38.17 34.0 1.21 
Cu/Sn Admi.'{. 3.17 3.84 Non- 41.0 1.21 flow 
Iron PlOO 2.48 3.16 43.48 36.4 1.27 
" At.25 2.62 3.31 41.33 36.4 1.26 
" At.28 2.89 3.65 37.88 36.0 1.26 
fl\1uminium 0.91 1.30 Non- 45.3 1.42 Flow 
l:rron 0.5% Zn.S. 2.74 3.18 42.74 36.3 1.28 
" 1.00/o " 2.81 3.20 47.17 36.4 1.13 
" 1.5% " 2.77 3.22 65.79 36.6 1.16 
" 2 .00/o " 2.61 3.24 un- 38.9 1.24 
sustained 
I 
' 
' 
... 
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3. Angle of Repose tJ... • Although this is as yet a non-
standardised test it is widely used for establishi~g the 
stability of non-coherent particle samples. It yields a 
result which relates to flow time and DT/DA ratio, as well 
as frictional behaviour. In the case of very fine non-
coherent particles such as Mond carbonyl samples the angle 
of repose has a greater sensitivity to particle variations 
than-does the flow test~ 
Various methods have been devised for measuring dl 
listed as follows:-
1. Poured, 
2. Drained, 
3. Conical. 
4. TWo-dimensional or pyramidal, 
s. Crater. 
6. Rotational, 
In this research the drained angle of repose was 
adopted since a cone of fixed base dimension is used. 
A cone of powder is produced on a disc by pouring the 
sample from a "fixed height of 2. 54 cm through the Hall 
flowmeter, see figure II. Also shown in the figure are 
the two methods used· to obtain the cone height~or the angle~ 
directly using an engineering protractor. . The .. height 
measurement is converted to~ from 
tan o(. = height of cone 
Dh 
D = disc diameter 
The results of Q( are also shown in table 3 and are 
the average of the two methods. of measurement. The height 
measurement method gives a slightly lower result of ~ 
due to the slight flattening of the apex of the cone. 
---------------------~-------------~--- -
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4. True Density of Powders. The true density of the 
powders was required for use in the determination of sphericity 
coefficient - see section 3.58. 
TWo methods were used, first by the use of a Ree's 
Hugill Flask or alternatively by titration with Xylene 
from a burrette on to a lOO g sample contained in a B.S.I. 
100 ml. flask. In the latter case the density was 
calculated as follows:-
Volume of powder = lOO - 86. 7o 
3 
= 13.30 cm 
Density = Mass/Volume 
= 100/13.30 
== 8.73 
* 
* example is for Low Density copper. 
The second method was by use of the helium/air 
Pycnometer which work's on the principle that the change 
in pressure of a non-adsorbing pure gas such as helium, 
within an enclosed chamber, is a function of any change in 
volume of the chamber thereby obeying the ,,gas law :-
Since the pycnometer does not give a true pressure 
reading directly but merely a change in_pressure with volume 
a calibration 
steel ball of 
constant of ' Qlp, is first determined 
3 
accurately known volume of 16.758 cm • 
using a 
The pycnometer consists of a sample holding vessel, 
a cylinder fitted with a movable piston whose position is 
indicated on a five digit counter, a pressure detector of 
the bellows type fitted with an indicator light and finally 
a switching valve with associated pipelines as shown in 
figure .. 12. 
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The operation involves a sequence of valve 
switchings, first to purge the system and introduce 
pure hydrogen to the pressure system and subsequently 
switchings to introduce the sample and purge the sample 
chamber. A reading is taken on the counter when an 
adjustment of the piston brings the pressure back to 
the point when the bellowsjust break the electrical 
contact and the indicator light goes out. 
Samples were dried at l05°c for 24 hours and 
subsequently left in the constant temperature room 
where the ~ycnometer was housed fer a fu~ther day 
before testing. Care was taken to avoid contact with 
the sample holder and standard balls to avoid 
temperature and volume drift. 
The results which ar6 an average of two readings 
are· showri in tables 4 and 5. Table 4 shows the method 
by which the constant ol is derived and Table 5 p 
the results of density obtained by the two methods 
described~ The results of the xylene titration method 
were in general higher than the Pycnometer readings and 
this was due to slight evaporation of xylene. As a 
result the Pycnometer rea.dings were subsequently used 
where possible. 
' 
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Table 4 - Helium-Air Pycnometer Constant Determinations 
Test Pycnometer Pressure Values Volume Cm 3 
. 
Description -
Svmbol Readina Svmbol Reading 
Absolute standard Rl 1. 3746.3 V. stdo 16.758 
{Large ball) 2. 3744.2 {FIXED) 
-
Test standard R 
s 
1. 4164.5 Vs 8.58 
{Small ball) 2. 4165.0 {FIXED) 
Empty container R2 1. 4596,2 - 0 
2. 4595.6 
Sample R See Table vsp See table {powder) sp 
Calculation Method 
where f;/._ p 
et Determination p 
Using No. 1 readings 
r;J...p = 16.758 {4596.2-3746.3) 
and V 
s 
~p 
= c/... {R., - R ) 
,. ~ s 
. 
Using No. 2 readings 
= 16.758 
{4595.6- 3744,2) 
= 0.019719 = 0.019682 
Average Value of o<.. used p 
in calculations for Vsp 
= 0.0197 
-----. 
--- .... 
Table 5 Results of True Density Determinations 
Powder Density Using Titration Density Using 
g/cm 3 Helium Air 3 PYcnometer g/cm 
' .. 
Bronze 600 rm 8.83 8.68 
-
11 400 11 8.62 8.54 
" 200 11 a. 71 8.67 
11 lOO 11 8.69 8.69 
... 
11 40 11 8.74 8.67 
11 20 11 8.76 8.51 
S.P .. H., Copper 8.91 8.88 
L.D. 11 8.73 8.28 
IRR 11 8.89 8.85 
-· 
Cu/Sn Admix. 7.52 7.31 
r 
Iron PlOO 7.56 7.54 
11 At.25 7.87 7.84 
11 At.28 7. 75 7. 71 
Aluminium 2.58 * 2.57 
.. 
*Rees Hugill Flask result 
--- - - ---- -------------------------~ 
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5. Sieve Analysis. In spite of its limitations sieve 
analysis is still widely used for sizes down to 45 microns. 
Sieves may allow the passage of columnar type particles 
and thereby indicate a less than actual mean size. 
Conversely equiaxed but irregular particles \vill be 
shown as larger than actual mean size. A set of u.s. 
standard sieves were used where the sieve linear apert_ure 
of consecutively large sieves is~ 2 times the 
width of ·the previous sieve. lOO g.dried samples were 
shaken for twenty mir.utes and the fraction on each sieve 
'll'eighed. The results are shown in table 6. 
Various methods can be used for p<.escmting the 
data in graphical form to give a clearer indication 
of the particle size and particle size distribution. 
Figures 13 to 19 show normal and cumulative CJT"-ding 
plots using the log of mean particle size on the base 
axis. For sub-sieve fractions the mean particle size 
was obtain8d using the Fisher Sub-sieve Sizer. See 
Section 3.56. 
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Table 6 - Resul t.s of Sieve Analys!"s 
Mean B R 0 NZ E s 
Particle· 600 400 200 lOO 40 20 
Size pm. pm. pm. m· pm. y.m. 
726 18.96 18.96 
\ 
45.59 17.72 . 
550 64.55 17.72 
' ;' 30.87 31.90 
462 95.42 49.62 
3.58 42.51 
390 99.00 92.13 
327 0.62 7.89 2.10 99.62 100.02 2.10 
-
275 20.42 22.52 . .. 
29.21 2.22 
230 51.73 2.22 J 
-
179 47.47 57.74 99.20 59.96 
-
0.09 39.99 
127 99.29 99.95 
89 1.10 0.02 . . -101.05 0.02 
69 0.05 0.07 
58 18,33 0.53 18.40 0,53 
49 10.17 o.os 28.57 0.61 
(45 71.72 99.45 
100.291 100.07 
UPPER FIGURE = WEIGHT % 
LOWER FIG.tJRE = CUMULATIVE WEIGHT % 
---------------------------------~--------------~------
Mea~ Par 
tic]e 
SiZE 
pm SPH. 
726 
550 
462 
320 
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Table 6 - Results of Sieve Analyses 
COPPERS ADMIX IRONS ALUMIN-
IUM 
L.D. IRR. cu/Sn P100 At.25 At.28 
. 
--~------~----~-----+------+----1------+----_,-----+l 
327 
275 
-+----1----~---{·--·-+---+--:----+·-----+---+1 
230 
179 
0.016 
0.016 
0.027 
0.043 
0.022 
0.022 
0.031 
0.053 
0.006 
0.006 
0.005 
0.005 
0.001 
0.001 
0.014 0.005 
0.019 0.006 
1.228 
1.228 
- 0.092 0.482 
0.:092 1. 710 
I 
---+-------+--·---+-----+----+---1---+----1----+! 
127 24.376 
24.419 
3.691 0.754 6.856 10.070 0.578 18.825 0.682 I 
3.744 5.760 f 6.875 10.076 0.578 18.997 2.392 I 
·--+------+------+------~-----+-----1----~---r----r' 
89 
69 
58 
48.055 
72.470 
19.980 
92.450 
6.523 
98.973 
8. 740 
12.484 
6.747 
19.231 
5.981 
25.212 
14.355 
20.115 
10.294 
30.409 
8.565 
38.974 
14.465 25.159 31.428 
21.340 35.235 32.006 
8.363 14.284 15.490 
29.703 49.519 47.496 
8.915 9.589 10.420 
38.618 59.108 57.916 
0.918 9.341 12.115 I 19~640 12-~424 -7.827 
49 99.954 34.553 51.089 58.258 71.532 65.743 
31.385 0. 806 
50.382 3.198 
10.462 0.168 
60.844 3.366 
7.659 1.644 
68.503 5.010 
5.190 13.836 
73.6931'-8.846 
(4 0.106 64.787 48.730 5 
100.060 99.340 99,819 
40.963 27.015 33.973 26-392 81.286 
99.221 98.547 99.716 100.385 J.00.132 
UPPER FIGURE = WEIGHT % 
LOWER FIGURE "' CUMULATIVE WEIGHT % 
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6. Fisher Sub-Sieve Sizer. The majority of the powders, 
after normal sieve analysis, contained a large proportion 
of sub-sieve sizes less than 4 5 microns. These were:-
Powder % Sub-Sieve Proportion 
40pm Bronze 71.72 
20 pm 11 99.45 
, ... 
Copper SPH. o.ll 
Coppe_r L.D. 64.79 
Copper IRR. 48.73 
Cu/Sn Admix. 40.96 
Iron PlOO 27.02 
Iron At.25 33.97 
Iron At.28 26.39 
Aluminium 81.29 
In order to establish an average size of the sub-sieve 
proportions the.Fisher Sizer was used, M.P.I.F. Standard 
32 - 60. A ~ample mass equal to the true density of the 
material was introduced into the sample tube using porous 
plugs. TWo direct measurements can be made, namely, the 
. -- .. ------ -~------
porosity, which is read on the scale as a function of height and 
the average particle size of the fraction directly in microns. 
Three specimens of each powder were prepared and tapped 
to varying degrees to compare size readings at different 
porosity levels as shown below in Table 7. 
, 
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Table 7 - Results of Mean Particle Size Readings 
Powder Fractional Porosity Mean Particle Size pm 
Readings 
·.L 2 3 1 2 3 Av. 
* 
40 pm B. 0.400 0.400 0.400 32.4 32.4 32.4 32.4 
* 20 pm B. 0.360 0.360 0.360 I 14.2 14.2 14.2 14.2 
Cu SPH. 
- - - - - -
13.5+ 
Cu L.D. 0.675 0.690 o. 702 8.0 8.7 8.7 8.5 
cu IRR. 0.579 0.582 0.586 15.7 15.9 16.1 15.9 
Cu/Sn 0.502 0.508 0.510 8.2 8.3 8.5 8.3 
Fe 
Fe 
Fe 
Al. 
PlOO 0.581 0.587 0.590 12.7 12.7 12.8 12.7 
.1\t.25 0.567 0.572 0.580 13.5 13.6 13.7 13.6 
At.28 0.512 0.531 0.534 17.4 17.5 17.5 17.5 
0.527 0.529 0.527 12.6 12.8 12.7 12.7 
-
+ For the spherical copper insufficient sub-sieve 
powder was available and the figure of 13.5 pn was 
obtained by microscopy. 
* The spherical bronzes settled to a constant height 
with only two light taps. 
7. Shape Coefficient. It was indicated in Section 3.32 
84 that the particle shape could be expressed as a coefficient 
by relating, as a ratio, the actual specific surface area Sa, 
of a sample to the theoretical specific surface area S th., 
assuming for S th. the particles to be spherical. 
The actual Sa can be determined by the air permeability 
87 . 88 
method based on the work of CAR¥AN and LEA and NlffiSE where 
Sa is proportional to bulk density, fractional porosity and 
permeability as follows:-
' 
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Sa c( 
/ 
A more exact relationship is given by the semi-
empirical equation:-
Sa = 1 
;0(1 - FP) ;· FP3 A. pl (c.g.s. 
k'-"J· Q. L. units) 
where 
BD = Bulk density 
FP = fractional porosity 
Pm = per~9ability 
~ - true density of material 
A = cross sect~on of test bed 
L = length of bed 
P1 = pressure difference between.the bed ends' 
P2 = pressure difference on the flow meter 
'1 = kinematic viscosity of air 
Q -· rate of air flow through the bed 
C = the flow meter constant 
k = a constant = 5.0 
Simplifications yields 
Sa = 14 
Bv j 
h = reading on manometer due to P1 1 
h 2 = reading on flow manometer due to P2 
---- ----· --
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It is necessary to establish the flow meter 
constant C with no sample in the apparatus the latter 
being shown in Figure 14. 
The equation used to establish C is 
c = 
and where 
Q = the rate of flow of air 
;1 = density of manometer fluid 
A sample of suitable m~ss is introduced into 
the graduated column and topped to dens:.ty DT for 
testing. 
The results obtained from the series of powders 
tested are shown in Table 8 overleaf. 
The results of the Cdlculations are given in table 10 
together with results of the theoretical specific area 
determinations S.th. 
Further to the estimation of Sa it becomes necessary 
to calculate the S. th. and this is done from the sieve 
analysis results in relation to the aperture sizes of the 
sieve nest used, according to the method proposed by 
HEYWOOD89 • 
Table 9 overleaf shows the U.S. standard sieves used 
together with the aperture size. From this size and the next 
larger size it is possible to give the average size of the 
particles caught on each sieve in terms of diameter, assuming 
the grains are spherical. 
Table 8 - Results to be used for the calculation of sa. 
MATERIAL 
600micron Bronze 
400 " " 
200 " " 
lOO " .. 
40 .. .. 
20 " .. 
-
cu SPH. 
Cu L.D. 
Cu Irr. 
Cu/Sn Ad. 
Fe P100 
Fe At.25 
Fe At.28 
Aluminium 
• 
M L V B p PF 
sample Length Vol. of Bu£k True Packing 
Mass of Bed DEnsity Density Factor 
(g) 
163.76 
161.12 
163.57 
163.S5 
163.58 
163.57 
167.54 
156.22 
166.97 
137.92 
142.25 
148.86 
145.46 
48.49 
Bed Burrette M/V Rees 
Direct Hug ill 
(cm) (cm3) (g/cm3) (g/cm3) 
19.21 30.5 5.37 8.86 
18.83 29.9 5.39 8.54 
18.51 29.4 5.56 8.67 
18.45 29.3 ·5.59 8.69 
18.39 29.2 5.60 8.67 
17.88 28.4 5.76 8.51 
19.27 30.6 5.47 8.88 
31.11 49.4 3.16 8.28 
27.46 43.6 3.83 8.85 
22.29 35.4 3.89 7.31 
27.14 43.1 3.30 7.54 
26.7 42.4 3.51 7.89 
23.55 37.4 3.89 7. 71 
22.04 ! 35.0 
. 
1.38 2.57 
c for apparatus = 10.4 x lo-6 
Area of burrette = 1.588 cm2 
BR_ 
,0 
0.606 
0.631 
0.642 
0.641 
0.646 
0.677 
. 0.616 
0.381 
0.433 
0.533 
0.437 
0.444 
0.504 
0.539 
--
FP hl h2 
Fractional 
Porosity 
, 
- PF • 
(cm) (cm) 
0.394 0.4 7.6 
0.369 0.6 7.3 
0.358 2.3 5.6 
0.359 3.4 4.4 
0.354 7.4 0.4 
0.323 8.0 0.05 
0.384 5.7 2.1 
0.619 7. 75 0.15 
0.567 7.3 0.5 
0.467 7.9 0.05 
0.563 7.2 0.7 
0.556 7.4 0.5 
0.496 7.3 0.6 
0.461 7.8 0.2 
~--
• 
, 
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Table 9 - Particle mean size relative to sieve sizes 
p.s. Sieve Aperture Size Particle Size Average Size 
No. Range caught caught 
(urn) (urn) . (cm) 
-
1200 
- -
-
853 1200 to 853 0.10265 
-
600 853 - 600 0.07265 
-
500 600 - 500 0.05500 
-
425 500 
-
425 0.04625 
-
355 425 - 355 0.03900 
-
-
300 355 - 300 0.03275 
60 250 300 - 250 0.02750 
72 210 250 - 210 0.02300 
lOO 149 210 - 149 0.01795 
150 105 149 - 105 0.01270 
200 74 105 - 74 0.00895 
240 64 74 - 64 0.00690 
300 53 64 - 53 0.00585 
350 45 I 53 - t,S 0.00490 (.45 * PAN - - . -
* In the case of the pan fraction an average particle size 
was obtained by use of the Fisher sub-sieve sizer - see 
previous section 3.57. 
Knovling the mean particle sizes it then becomes ' 
necessary to establish the number of particles of each size 
caught in each sieve -
Total number of grains caught ~ 
then 
Mass caught on each size 
Mass of one particle 
The mass of one particle = p x volume of one particle 
and if -
Volume of one particle 
where d 
~ 0.5236 d 3 
= the mean diameter 
2 then if the surface area of one spherical particle = rr d 
-
I 
the total surface area of the fraction = ~d2 x N° of particles 
= n d2 M p 0.5236 d 3 
= 6.0007 M 
pd 
• 
' 
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Thus by calculating the ·surface area of each fraction, 
·~summating and dividing by the sample mass the theoretical 
specific surface area S th. is found 2 (cm /g). 
If ~ for the particulate material is known it is 
usual to use a sieve factor for each particle mean diameter 
d , such that 
Sieve Factor = 6.0007/? d. 
and 
Surface area of fraction = Mass sieve x Sieve 
Factor. 
Using the sieve analysis, the Fisher sub-sieve results 
., 
and the sieve factors the specifjc_surface area of each 
powder was calculated S th. The values of Sa calculated 
from the air permeability test were then used to give 
Sphericity coefficient 'j' · = S th./Sa 
or Coefficient of Angularity = Sa/S th. 
The results are shown in table 10. 
. 
Table 10 - Results of s12ecific surface area and spherici~y 
det,;rminations 
Powder Sa 82th. 'f c of A 
cm2/g cm /g _,Sph£Tj city Anqularity 
600 I\1J.cron Bronze 13.293 12.986 0.97'7 1.024 
400 11 " 16.291 14.922 0.916 1.092 
200 11 11 32.870 31.340 0.954 1.048 
lOO 11 11 45.778 43.068 0.941 1.063 
40 11 11 206.450 189.943 0.920 1.087 
20 11 " 521.236 486.045 0.932 1.072 
cu SP. 89.309 78.153 0.875 1.143 
cu L.D. 1086.679 589.824 0.543 1.842 
cu IRR. 444.850 257.730 0.579 1. 726 
cu/sn. Ad. 1194.830 474.600 0.397 2.517 
Fe PlOO 430.563 247.166 0.580 1.742 
Fe At.25 481.820 258.905 0.537 1.861 
Fe At.28 353.060 186.214 0.527 1.896 
Al :1.652. 82 860.729 * 0.521 1.92 
* The S th. result for Aluminium was considered high because of 
the flake/acicular nature of the particles passing to smaller 
sieves. A lower result for S th. would give a lower sphericity 
value which would be more accurately representative. 
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8. Jenike Friction Cell. The JENIKE33 friction cell 
referred to in section 2.34 was employed to assess the angle 
of interparticle friction of the powders. It consisted of 
a base on to which can be mounted a ring to contain the 
powder and a lid on to which a series of loads can be applied 
in turn. The cell was filled with powder by gentle pouring 
and levelling. The lid and normal load were positioned and a 
shear load applied to the ring at a constant rate from a 
motor driven screw, see figure 21. 
A Bryans recorder unit was used to plot the relationship 
of shear load . with distance and the shear load quickly falls 
at the point of yield. A typical series of graphs for one 
of the powders is shown in figure 22 indicating the increased 
shear load required with increased normal load. 
· •. · The recorder which was activat!3d from a pressure cell 
via an amplifier required a calibration curve which is 
.shown in figure 23. I 
The yield points for each powder were then plotted 
against the corresponding normal load and these are given 
in the following figures:-
. Figures 24 and 25 
-
six spherical bronzes 
,, 26 - three copper powders, SPH, L.D., 
" 27 - three iron powders, PlOO, At.25, 
IRR. 
At.28. 
" 28 - PlOO with 0.5% and 1.0% Zn Stearate 
" 29 - PlOO with 1.5% and 2 .0",<; zn Stearate 
" 29 - Aluminium. 
The angle of friction can then be determined from the 
COULOMB relationship 
"'/: = (J' tan ;6 + C 
where ~, the slope of the graph,is the angle of internal or 
particle friction. The values obtained are given in table ll 
together with other properties for comparison (see section 3.50). 
-----------------------~-~·--
3.50 
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It is important to note that these results are 
obtained with a density within the cell nearly equivalent 
to the apparent density. Since friction results are 
sensitive to density the results obtained by other shear 
cells may not be directly comparable if the density of 
the powders within the cell is different or undefined. 
9. Scanning Electron Microscope 
The innovation of this type of microscope made it 
possible to examine a wide variety of objects to reveal 
detail which hitherto had been impossible to observe. 
The examination of particulate material was no exception 
and each of the powders was examined to reveal information 
on the surface typography, shape, size and distribution of 
the particles. The photomicrographs obtained are shown in 
the following figures:-
Figure 30 600 and 400 micron . Bronze 
11 31 200 and lOO Jl " 
11 32 40 and 20 " " 
11 33 Copper, IRR and L.D. 
" 34 Copper, SPH. and cu/Sn Admix.' 
11 35 Iron, PlOO and Aluminium 
11 36 Iron, At. 25 and At. 28. 
~These micrographs are discussed-in-the next-section in 
relation to the properties and characteristics established 
from the various tests previously described in this chapter. 
Property Relationships 
Table II shows the accumulated prope.rties and 
characteristics of the powders. 
, 
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Table II - Results of various tests for comparison 
~ Hall Flow Angle of Ratio Powder ~: t .. Jenike . Seconds Repose DT/DA pher~c~ty ~0 
Bronze 600 micron 17 .o 19.68 19.5 1.04 0.98 
" 400 " 15.5 21.19 21.2 1.04 0.92 
" 200 " 15.2 17.67 22.5 1.06 0.95 
" lOO " 17 .o 16.84 24.0 I 1.07 0.94 
" 40 " 19.5 14.50 24.7 1.09 0.92 
" 20 " 20.0 17.93 27.7 1.12 0.93 
Copper SPH. 24.5 19.31 27 .s 1.08 0.88 
" L.D. 32.0 53.77 37.4 1.23 0.54 
" .IRR. 32.0 38.17 34.0 1.21 0.58 
Cu/Sn Ad. 
-
on-Flow 41.0 1.21 0.40 
-Iron PlOO 35.5 43.48 36.4 1.27 0.58 
" At.25 28.5 41.33 36.4 1.26 0.54 
" At.28 34.7 37.88 36.0 1.26 0.53 
-
PlOO + o.s Zn.St. 32.5 42.74 36.3 1.28 -
" + 1.0 " " 31.5 47.17 36.4 1.13 -
" + 1.5 " " 31.0 65.79 36.6 1.16 -
" + 2.0 " " 29.0 
Flow 38.8 1.24' Unsustainec -
Aluminium 16.5 Non-Flow. 45.3 1.42 0.52 
-· 
Spherical Bronzes. The sphericity coefficient for the 
full range of sphericr.1 bronzes is high, 0.92 to 0.98, 
indicating their near spherical nature. This is endorsed 
by the S.E. Micrographs which in addition reveal a marked 
dendritic surface topography which is to be expected with 
alloys having a wide solidification range. 
' The flow times, rJ. , r;! and DT/DA ratio are all low 
for these spherical particles but the trend is for these 
properties to rise with decreasing size particularly when 
cohesive attraction occurs with the very small particle size • 
. (see figure 32). The slight exception to this trend ,(see 
figure 37), is for the Hall Flow value to rise also at the 
very high particle sizes as well as at the low sizes which· 
. 
. . . /cont'd ••• 
-72-
appears to be a result of the par·ticles approaching 
the orifice size of the flowmeter and creating £low 
hindrance. 
Coppers - The spherical copper has the highest 
sphericity value of 0.88 but this copper is not as 
spherical , by any means, as the bronzes. The S.E. 
Micrograph reveals why this is so , since irregular 
particles appear in the sample but in addition the 
rounded particles ar.e pear shaped~ and have small 
protrusions. As a result the J.,., rj and DT/DA ratio 
are raised. 
ft1ese values are even higher for the other two coppers 
particularly t.he Low Densi·ty Copper which appears to have 
not only an irregular particle shape but appears porous 
as a result of the production process of oxide reduction. 
The irregular copper althouJh irregular in shape has a 
particle more solid in appearance and this proviGas a 
better flow than that obtained by the low density copper. 
The Co~/':Lin Admix. appears to be composed of 
comminuted low density copper plus tin of similar nature 
and the properties are similar to the low density copper 
to the extreme of non-flow and high~~ but low sphericity. 
~e Iron Powders • These are all comminuted 
reduced oxides and have each two major particle sizes 
which often results from crushing treatments. ftley all 
have very similar properties and give high rj, c/... , flow and 
Their sphericity ratios are low 0.53 to 
0.58, endorsed by the S.E. Micrographs. 
-------~---- ---
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The Aluminium although having a non-porous particle 
has a particle which is very acicular and flake-like with 
numerous small protrusions. The average particle size 
is sub-sieve and averages 12.7 microns. which leads to a 
high state of intercohesion. This results in non-flow 
and a high D'J."'DA ratio and high tA, • . A low friction angle 
of 16.5 with the Jenike cell did not agree with the higher 
relative value obtained in the vibration friction cell 
and this was accorded to the difference in density of 
testing. 
The Jenike cell operates with an as poured density 
equivalent to DA ·whereas the vibration cell uses a value 
·near~· 
Iron PlOO containing Zn Steara.te. The presence 
of Zn Stearate caused a change in properties increasing the 
flow time and rJ.. but reducing ';I • . The Dor/DA ratio· is 
lowest at 1% Stearate -see figure 38~ · 
' '. ! 
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CHAPTER FOUR 
4.00 APPARATUS AND EXPERIMENTAL TECHNIQUE 
Initial Pilot Rig for Preliminary Survey on the Effect 
of Vibrational Treatment on the Settling of Powders 
The following outlines the method and results obtained 
from a small bench apparatus designed to provide a 
preliminary investigation into the effect of vibrational 
energy on the packing density of metal powders prior to 
final consolidation by high pressures. 
1. The apparatus. As shown in figure 39 this consists 
of a small electromagnetic rectilinear vibrator operating 
at mains frequency of 50 Hz. The vibrator is rigidly 
mounted in a framework by use of a clamp shaped to 
accommodate the vibrator body. 
The vibrator is fitted with a modified end piece to 
allow its attachment to the base of a die mounted vertically 
above. The cylindrical die itself is located in the 
recessed base and vertical movement of the die during 
vibrational treatment is prevented by use of spring loaded 
clamps mounted in the framework and attached to the filling 
cup mounted on top of the die. 
The mains power supply to the vibrator passes through 
a time switch, adjustable from 0 to 10 seconds and graduated 
in 0.1 seconds.· , . 
The movement of the male die during vibrational 
consolidation of a powder specimen is obtained using a 
dial gauge graduated to read 0.0005 inch (0.0127 mm) 
increments making it possible to read to an accuracy of 
+ '+ 
-0.0001 inches (- 0.00254 mm). The gauge is rigidly / 
------- -~--~--· 
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clamped in a heavy stand and was also used to determine 
the displacement of vibration. 
2. Experimental Procedure. Samples of powder of 30g 
were weighed in batches of six into plastic containers 
+ to an accuracy of - O.OOlg. 
The die components were cleaned of all traces of 
previous powder and dust using compressed air, and clamped 
into position. 
The displacement of vibration was then adjusted using 
the stop on the vibrator itself, the displacement being 
indicated on the dial gauge. 
The powder specimen was then transferred to the die 
cavity: the most satisfactory procedure being found to be 
with the use of a glass funnel having a small stem orifice 
of 3 mm. This prevented powder segregation and provided 
a smooth flow of powder without sticking and loss of sample 
weight. The funnel was raised slowly from the die base, 
the resulting slightly conical top face being levelled 
with a non-magnetic spatula. 
The die plunger was then inserted and allowed to fall 
under its own weight to expel air from within the die. 
Any attempt.at forcing the plunger led to a disturbance 
•· ·of the fine powder fraction which settled on the die wall 
and caused sticking. The die had been previously de-
magnetised to help preve~t this. If the die fall time was 
greater than 60 to 65 seconds the test was cancelled since 
sticking was then to be expected during vibrational treatment. 
The specimen height at this stage was deduced by 
measurements taken of.the.die arrangement using a vernier 
height gauge. 
The timing devicE! was set to the vibration interval / 
• 
---------------------·----· 
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required and the dial gauge positioned on the top face 
of the die plunger before recording vibration time against 
' . 
specimen height loss until a constant specimen height was 
obtained. 
Results were plotted to show the rate of densification 
and the increase in density obtained. 
Cavity Fill Analysis 
Following the preliminary work it was decided to 
investigate the effect of vibrational energy on the flow 
of powders into restrictive cavities. 
The apparatus developed by OAKLEY20 and discussed 
in chap~er 2,to ass~ss the flow performance of powders 
into restrictive cavities was amalgamated with the 
• 
vibration rig just described to show what effect the 
vibration would have on flow improvement into such 
restrictive cavities. 
1. The Hodified Oakley l'.pparatus. This is illustrated 
in figure 40 and shows the small electro-maqnetic vibrator 
surmounted by the Oakley apparatus mounted on rubbers and 
springs. These mountings prevented attenuation of the 
vibration by the more rigid supports and base. The base 
plate of the oakley apparatus was made perfectly horizontal 
such that the containers, when inserted and clamped, were 
perfectly vertical. 
Eight containers wore used labelled A, B, c, D, E, F, 
G, H and the cavity shapes of these are shown in the 
foreground. of figure 40. The containers A, B and C were 
simple cylindrical shapes decreasing in fill area and the 
remainder were annular prisms also of decreasing fill area. 
~~~--~~--~~~~~~------
-77-
All the containers were of the same depth machined 
from steel, surface hardened and finally ground to 
accurate dimensions with a surface finish of C.L.A. 
6 to 10 microns. Each container had a detachable base 
and also cone in the case of the five annular ones to 
facilitate cleaning. 
·The remainder of the apparatus consisted of the 
brass fill shoe and the motor driven screw drive which 
allows the controlled passage of the shoe over the 
containers in turn. Also the vibration displacement 
measurement gauge rigidly mounted in the heavy clamp. 
To prevent attenuation of vibration by the motor drive a 
flexible rubber drive belt, adjusted to the lowest 
tension possible without loss of drive on load, was used. 
The vibration was transmitted to the base plate via 
a sleeve attached rigidly to the vibrator armature at one 
end and to the base plate at the other. This sleeve 
was designed to accommodate the external shape of the 
containers and also provide facilities for clamping and 
removal of the containers. 
2. Determination of Container capacities. The most 
important aspect in the use of this apparatus was the 
necessity to obtain accurate values of the capacity of the 
containers such that density results calculated "fherefrom 
did not have undesirable scatter, which was a danger when 
using such small containers. 
Initial results did exhibit a scatter since the 
capacities were calc~lated from dimensions taken using a 
travelling microscope which although accurate to o.Ol% 
were insufficiently representative when the capacities were 
. I 
• 
• 
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calculated since the error multiplied to 0.0~/o. 
As an alternative method the capacities were 
established directly by titration with xylene and 
provided the top surface of each container was first 
made absolutely horizontal, using a spirit level, direct 
capacity values were obtained to 0.01% error. The 
capacities and dimensions are shown in the table below. 
Table 12 - Dimensions, capacities and sectional views 
of the containers 
··. 
- Dimensions (cm) Letter Capacity Cavity Fill ··' 
Shape Desiq. O.D. I.D. DEPTH (cm3) * 
8ill A 2.17 - 4.44 16.38 
m B 1.18 - 4.44 4.93 I· . .,,, 
Q c 0. 77 /- 4.44 2.07 
I D 2.17 1.54 4.44 8.14 
D E 2.17 1.68 4.44 6.58 
u ~: F 2.17 1.81 4.44 4.93 ···:. 
0 G 2.17 1.87 4.44 4.16 
D H 2.17 1.95 4.44 3.39 
* 
Values by t~trat~on w~th XYlene 
' 
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3. Fill Sequence 
The brass fill shoe was filled with the powder or 
powder mixture under test by gently pouring in the powder 
and strickling the top level. 
The first container was introduced into the sleeve 
and clamped into position with its top face in line with 
the top face of the base plate. 
The vibration displacement was then adjusted to the 
required level, using the stop adjustment provided on the 
vibrator unit, the readir.0 being taken on the dial gauge. 
The frequency of 50 Hz: alloved persistence of vision 
of the dial gauge needle and it was not difficult to obtain 
a displacement ~eading. 
Having fil.led the shoe it was then traversed across 
the base plate until it was centrally positioned over the 
inserted container. Powder passed from the shoe into the 
container and when tl~is had halted the container was 
vibrated for 20 seconds during which period consolidation 
of the powder in the container took place with further 
passage of powder from the shoe. 'l'ne shoe was then passed 
to the opposite end of the base plate to complete its 
traverse and then back again to ·the central position for a 
further vibration of 20 seconds. The shoe was then 
traversed bac::k to its starting point and refilled with 
powder for the next traverse. 
The container was freed from surplus powder on its 
tcp face by strickling it level to the top face of the base 
plate. lt was then removed and the powder contained therein 
transferred to a small pre-weighed glass container. 
I 
The procedure was repeated for the rewain.ing seven 
containers. 
4.30 
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The procedure was repeated without the vibrational 
treatment thereby allowing a comparison of powder fill 
with and without vibrational treatment. 
A variety of powders were chosen for examination 
of fill and details of these are included with the 
results in chapter s. 
The total vibration time of 40 seconds was found to 
be adequate for all the powders in giving the optimum 
density in each of the containers and any extension of 
the time produced no further density increase even in the 
smallest annular container. 
4. Calculation of Fill Density. The glass containers 
containing the powders were then reweighed and the mass of 
powder collected in each container recorded. 
The density of the powder collected in each container 
was then found simply by dividing the powder mass by the · 
capacity of the appropriate container. 
Density = 
example, = 
= 
powder mass 
container capacity 
48.468 g 3 
16. 38 cm 
3 2.96 g/cm 
Settling as a function of Frequency 7l , Displacement e , 
and Time t • 
It became evident that if a full understanding of the 
.. 
effects of vibrational treatment on powder densification 
was to be obtained the effect of frequency and displacement 
required investigation in addition to the time factor. 
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For this purpose it became necessary to construct 
equipment which had the facility to vary the frequency 
and displacement together with suitable instrumentation 
and appropriate calibration. 
1. General description of the apparatus. The layout of 
the equipment devised is shown in figures 41 and 42. The 
basic unit is the small electromagnetic vibrator activated 
using a variable frequency oscillator and amplifier unit. 
The actual input current was registered on a moving coil 
ammeter as an R.M.S~ value to an accuracy of t 1% on full \ 
scale. 
The input voltage and waveform were monitored on 
one of the channels of the C.R.O., the second channel 
being used to display the output from a piezo-electric 
crystal. The crystal was located in the side of the 
oscillating container its output being calibrated to read 
displacement. The calibration was effected using a Wayne-
Kerr vibration meter. A typical voltage and displacement 
display are shown in figure 43. The C.R.O. had a full 
scale of 8 cm with mm divisions. Readings .could be 
multiplied by factors of 0.1, 0.2, 0.5, 1·, 2 and 5 
giving corresponding accuracies of t 0.125 1 0.25, 0.625, 
1.25, 2.5 and 6.2~~. 
2. Method of Functioning. of the Vibrator Unit in the 
' Vertical Mode 
.With no electrical e~citation the starting position of the 
diaphragm is as shown by the dotted line, figure 44, the 
exact position being relative to the mass the diaphragm has 
to support. This mass will include the core, stem and 
container plus the contents of the container. 
- --- -----------~~~~~~~~~~~-
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A.c. Excitation of the coil will motivate the core 
rectilinearly at a frequency equal to the input frequency. 
The displacement at that particular frequency will 
depend upon the current input and give the periodic 
oscillation about the starting position. 
The diaphragm's elasticity will constitute a visco-
damping effect on the system and also impose a. maximum 
displacement relative to the current input at any given 
frequency. 
3. Procedure for the determination of Settling as a 
Function of f and 11. The procedure involved 
the following operations:-
(a} Filling the container to a reprr-rluceable de~s:.ty 
and height. 
•. 
(b) Adjustment of the vibration to gi~re the requizite 
£ and '11. • 
(c) Taking height loss readings with time. 
(d) Interpreting height loss as densification values in 
relation ro the applied E and ?1 • 
(a} The container was filled wit:h powder to a depth of 
5 mm from the top using.a glass funnel charged with 
powder and resting on the base of the con·tainer. ~'he 
funnels gentle withdrawal in a spiral fashion ensured an 
even distribution of the powder to a density approximately 
that of DA. Carefu] levelling of the top was achieved 
using a non-magnetic spatula. 
After establishing the mass of powder which would 
give this fill condition, subsequent fills which did not 
+ give a reproduceable height' of - 0.05 m1n ov:er the height 
of 3.9o cm were rejected. 
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(b) After establishing the mass to be carried by the 
vibrator for a particular powder the input current was 
adjusted such that the required £ , in terms of £'volts 
on the C.R.O., was obtained. The frequency was simply 
provided by adjustment of the oscillator unit. 
(c) After adjustment of the equipment the container was 
refilled with powder and the height loss, recorded relative 
to time intervals of applied vibration, using a distance 
rod attached to the dial gauge. . The procedure was 
repeated for a series of displacement values and for a 
range of frequencies. 
(d) The interpretation of results was as follows. 
· Firstly the translation of the E. volt readings into 
actual displacement values using the appropriate 
calibration graph. Secondly plotting height loss with 
time and translating height loss into densification values 
at one and four minutes vibration time. These times 
were chosen since 9~/o of the densification occurs in the 
first minute and up to 99% within four minutes. Thirdly, 
plotting densification against displacement values the 
latter in te.rms of ~ for a direct comparison of the 
displacement values for the range of frequencies chosen. 
Finally, for selected densifications the £and--~- __ 
required to give this densification was plotted. in the style 
of SELIG51 • 
. 4. The Influence of Superimposed Mass on the Top Surface. 
In the previous section the densification was allowed to 
take place with an open top surface and it was decided to 
observe the effect of introducing a free mass on to this 
surface as was used in the pilot experimental work. In 
this work problems had been encountered due to the mass . / 
·' 
... 
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siezing in the container as a result of the fines in the 
powder entering the tolerance clearance. As a result it 
was decided only to apply this investigation to the 
large micron sizes of the spherical bronze powders and 
the procedure was basically identical to that described 
in the previous section. 
A series of four masses were machined to a close 
fit into the container and these are. shown in figure 40,. 
together with the system used for taking height loss 
measurements. The mass details are given as follows:-
' 
Mass Mass 
Designation 
'·,·' 
gm. 
A . 122.254 
B 87.026 
59.114 I c ;: 
/ 
D 30.253 I 
J 
\ 
4.40 . ·Effect of j and ?\on Interparticle Friction 
1. Introduction. Subsequent to the experimental work 
carried out on the effect of vibration on settling it 
became necessary to investigate the mechanism by which 
settling is achieved. One mechanism assumed to be 
important was the need to overcome the static friction of 
' contacting particles and. allow their mobility from a low 
density equilibrium condition to a higher density 
equilibrium cotlition. As a result it was decided to 
construct a friction cell, on the same vibrator unit used 
for the settling experimentation, and establish friction 
.values under various 3 and?\ conditions. It was then 
hoped that some correlations would. ensue between particle 
characteristics and their settling and friction behaviour , 
/ 
'/ . 
\ 
. ;. 
'"' 
---------
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relative to the 9/'itcombinations of applied vibrational 
energy. 
2. Description of the Vibration Cell for Friction 
Determination. 1'he layout of the apparatus 
is shown in figure 46, the cell itself consisting of a 
cylindrical container into which a non-magnetic core of 
copper is concentrically located. The tip.of the core is 
set in a rubber insert to prevent direct force transmission 
to the core itself. The tip is also shaped to follow. 
an hyperbolic curve to give 1;he minimum wali friction drag 
a concept used in the design of hopper profiles. The surface 
finish on this tip portion is to a Talysurf C.L.A. of 
5 to 7 for the sama reason. ~l'his design prevents lift 
of the core by transmiss5.on of force through the powder 
until very high peak acceleraticns are used over and beyond 
the point of yield when actually testing. 
The cylindrical porti.on of the core is roughly 
machined to prevent sliding friction with the powder and 
ensure ·the yield values are due to the mc>vement within the 
bulk of the particles. The top of the core was held 
con centrically by the use of two crossed thin wires which 
served to allow space for passage of the powder into the 
cell during settling and also for-location-of the-hook 
to apply shear loads via the pulley system. 
The core was counterbalanced at the level of operation 
during testing such tha·t on release the core would slowly 
lift as the mass of the string moved over the pulleys to 
the counterbalance side. This ensured that the pulley 
friction did not make a contribution to the shear load 
requirement during testing. 
~----
-86-
The settling of the powder into the cell, prior to 
testing, was achieved.under controlled conditions to a 
constant density, by vibration at 50 H~ and 0.5 mm 
displacement for 4o seconds in the modified Oakley apparatus. 
These conditions allowed the maximum.·.possible densification · 
to take place. 
The necessity to achieve a constant density is shown 
by the results of the tests made over the range of 
densities for Iron powder PlOO where the friction angle 
determined increases with densification. The method for 
-this is described as follows. 
3. Effect of Powder Testing Density on the Friction Result. 
The use of the Jenike33 shear cell revealed that the 
results of interparticle friction obtained were sensitive 
to the density of the powder in the cell. The Jenike 
cell uses a pouring plus levelling technique and the density 
obtained depends to some extent upon operator variables a 
wider discrepancy occurring the greater the DT/DA ratio 6f 
the powder. 
To establish the variation of the friction result 
with density using the vibration cell powder was first 
tested over a full range of densities between DT and DA. 
The various densities were obtained by settling in the 
modified Oakley apparatus for a range of times 0.1 to 40 
seconds. 'The shear load required to give yield of the cell 
core was then obtained by gradually applying a mass, in 
. . 
addition to the counterbalance, until the core suddenly 
yielded from the cell. _ 
The value of friction was then calculated on the basis 
' 
of the Coulomb equation discussed in chapter 2, that is 
-. tan r,t + Q 
-87-
whore ~ 
·r = shear force al: yield 
OJ = normal force applied 
0 = internal friction angle 
c = a constant 
Since the area of the cell is common to both the 
shear force and normal force the equation becomes after 
transposition 
tan 0 = Y. 
er 
where 
T = shear load at yield 
(J' = normal load applied 
The shear load is obtained directly as already 
indicated and ·the normal load is evaluated as follows:..:. 
(J = Dv h A. cos r:J... 
2 
where Dv = vibrated density of the powder 
h - height of cell 
~ = angle of repose 
4. The effect of 'g' and 7\. on particle friction. 
Having established that friction values are density 
dependent and that 40 seconds settling in the modified 
Oakley apparatus will produce a constant settling and 
friction value the experimentation could then progress 
to establish the effect of g and~ on the friction value. 
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The technique for this was first to settle the 
powder to the constant density value .in the cell and then 
carefully transfer the cell to the vibration unit. The 
counterbalance load was then coupled centrally to the cell 
core and a fixed shear load applied. 
The addition of the shear load allowed the vibrator 
to adjust itself to the neutral position and allow the 
positioning of the calibrated piezo-electric crystal for 
measurement of displacement. 
It was intended by using this technique of fixed pre-
loading of the cell that the Wayne-Kerr vibration meter 
could be used to measure displacement values directly or 
the calibrated piezo-electric crystal to measure displacement 
in terms of volts on the oscilloscope for conversion to 
displacement. 
Unfortunately, neither of these methods gave sufficiently 
accurate results since the displacement measurement was 
required at the point of yield at which point the shear load 
was released upsetting the neutral point of operation of the 
vibrator. An alternative system of measuring yield displace-
ment was devised by calibration of the input current which 
remained as a static value at yield. This involved cross 
calibrations· of current with-displacement,- for ·each-load 
carried by the vibrator, with a correction for the effect of 
additional shear load lightening the load carried. 
calibrations are included in section 4.70. 
These 
Results of displacement were taken at the yield point 
of the powder using a range of shear loads between zero and 
the maximum shear load 1 the latter being the figure obtained 
with no vibration. The displacement values were converted to 
peak acceleration values according to the frequency being used. 
' 
4.50 
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After the determination of results at a selected 
range of frequencies a common graph for the range was 
produced of shear load against peak acceleration g 
to show the effectiveness of each frequency. 
A further problem appeared when results were 
plotted since the curves obtained contained a resonant 
effect which caused the friction cell to yield at lower 
peak acceleration values. It was decided to smooth 
out the detent in the curve to give a comparison of the 
frictional reduction. without resonance. The effect of 
the resonance was however duly noted and its effect 
included in the discussion. 
A further graphical·.presentation is made where the 
shear load is converted to the friction angle ~ at 
selected peak accelerations and oyer a range of . 
frequencies to show the frequency effectiveness of the 
vibration in reducing the friction angle. 
The process was repeated for other powders and the 
most effective frequency found to be in the region of 
80 H~ to 120 Hz;. This prompted the examination of a 
number of powders in this frequency range. 
The Determination of Cand '?'\.for optimum Flow and 
Fluidisation. 
In the light of the results obtained from the 
settling and friction experiments it was apparent that 
the reduction of friction and the most rapid rate of 
\ 
settling was produced by a frequency in the region of lOO Hz. 
It was decided to attempt to establish more accurately 
the most effective activity frequency for each powder 
and establish, firstly if this critical frequency varied 
from powder to powder and secondly attempt a correlation of 
any variation to powder characteristics. 
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1. Procedure Adopted, In order to observe the powder 
' in greater 4etail 4uring vibration the metal container 
used for previous experiments was replaced by a glass 
container suitably mounted on the vibrator stem. The 
' 
•· lower mass of this container made it possible to obtain 
higher g values for a given current input. 
_ The glass container was filled to a constant bed 
height for all powders and the mass equalised to 75 grammes 
by the use of plasticine securely adde4 to the lid of the 
container. 
A constant mass was used in order to provide a 
constant g to current input relationship. 
2. Determination of Mass Flow Fluidisation. The vibrator 
was activated at frequencies of 40, eo, 120,and 160 Hz 
and at each frequency the displacement was gradually 
increased until the powder,as seen through the glass 
container was activated throughout the mass and began to 
' 
flow in the container in the form of eddies. Flow could 
be seen to take place firstly at the base of the container 
and then quickly through the mass for only a slight increase 
in g. 
A reading-was-taken of g-at-this-point-of-full mass 
flow at which stage a 5 mm diameter wooden ball sank into 
the mass initially placed on the top surface. Readings of 
displacement were taken ·for all four frequencies and for the 
full range of eighteen powders. 
' ~e results in graphical form produced u shaped 
curves but no significant critical frequency could be 
accurately established and the technique described in the 
following section was resorted to •. 
. I 
. . 
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In addition to mass flow of the powders it was 
also observed that by increasing the displacement 
still further the ball could be made to rise back up 
the powder mass at the onset of fluidisation. Not 
all the powders could in fact be fluidised due to the 
restriction on g available from the unit but where 
possible results were taken for the four frequencies 
and for those powders which could be fluidised. 
Results were plotted with the mass flow graphs and produced 
in general \!shaped curves which tended to indicate more 
accurately a critical frequency. 
3. Determination of Optimum Frequency fbr Flow and 
Fluidisation. The critical frequency va,lue for 
each powder could not be accurately determined from the 
graphs but having now the approximate values it was 
possible, by careful adjustment of the frequency, 
by sweeping in the approximated range and with 
similar adjustment of the input current, to vary the 
displacement the optimum frequency could be found. 
During previous experiments a click stop frequency 
'generator-had been used and-in-order to zone-in on a 
critical frequency as required on this experiment it 
was necessary to obtain an osci11ator'having a constant 
sweep variation of Hz.. · 
The results -.a;r;e -presented in chapter 5 • 
4.60 
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The Application of Vibrational Energ~to Press Compaction 
Because of the availabilit:y of a fully instrumented 
compaction press, on which experimentation had been 
carried out by Mallender, Dangerfield and Coleman1 on the 
determination of friction coefficients between iron powder 
compacts and the die wall using various zinc stearate 
lubricants, an extension of the study·was proposed to 
determine the effect of vibration on~ 
(a) punch pressure~ 
(b) ejection force; 
(c) residual stress i~ the die. 
The study was made us:i.ng Iron PlOO pmvder. 
and the only po·.vder varia:Ole w<:.sthe compact density. 
The only suitably ::::obust vibrator units available 
were pneumatic and two types were in turn attached to the 
press on the die platen in such a manner as to obtain 
vibrational treatment both horizontally and vertically. 
The performance data for the vibrators is given in figure 47 
together with their dimensions. 
The use of the vib1:ators produced a noise excessive to 
that which would be tolerable under a normal i~dustrial 
situation and it -v;as necessary to-provide-lagging-around 
them to reduce the noise to an·acceptable level. 
The results obtained with these devices was far from 
encouraging since essentially little effect was obtained 
excepting an improved settling of the powder into the 
die. 
The results on punch pressure, ejection force and 
residual stress are shown in chapter 5. 
4. 70 
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Calibrations used in the Experimental Work 
The basic parameters of the vibration are the 
frequency ' 1'\- ' and displacement E • Whilst ?'\. 
could be seen to match the input frequency of the 
oscillator the measurement of displacement was more 
difficult. Initially a Wayne-Kerr capacitance 
vibration meter was used and then a piezo-electric 
crystal calibrated relative to the output voltage 
displayed on the C.R.O. 
The development of the friction cell made even 
this difficult to apply such that calibration for 
displacement relative to input current was carried 
out. This involved a consideration of the load 
carried by the vibrator at each frequency of operation 
• since the displacement/current input ratio ~aried with 
these two factors. 
The work done on the press used the calibrations 
obtained by Mallender1 • J 
1. Calibration of the Piezo-Electric Crystal Output to 
Read e as Volts. Initially a Wayne-Kerr vibration meter 
was used to indicate displacement as a direct reading 
but its use eventually proved difficult. The main 
problem was the necessity to accurately position the 
capacitance probe a fixed distance from the container but 
this setting was soon lost due to the powders having 
• 
density variations causing a shift in the neutral position 
of the vibrator. 
' '·' ' 
',.' 
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An alternative system was devised using a piezo-
electric crystal,locatcd in a groove at the side of the 
container\thc output of which was calibrated to read as a 
voltage on the C.R.O. using a constant load on the 
vibrator. The calibration was carried out for a wide 
range of frequencies the results of which are shown in 
table 13 and plotted in figures 48 to 51 inclusive 0 The 
plots were acceptably linear provided the vibrator was not 
overloaded, a condi·tion which could be detected if the 
input voltage sinusoidal waveform began to assume an 
imperfect shape. Repetition of the plots could be 
achieved if the clearance of the piezo-electric crystal 
holder with the container side was set at a constant 
value of 0 .010~ 
2. Output Voltage of Crystal 1 :C: v' at lg Acceleration. 
By calculation (see Appendix A) it can be shown that the 
displacement ~necessary to give peak acceleration values 
•• ;,e of lg, 2g, etc., beco<n"s greater the lower the frequency 
~ of the vibration. Tht: values of £ m m and (volts at 
lg peak l' for t.he full range of frequenc::_es employed are 
given in table 14 and shown plotted in figure 52. 
These values were subsequently used to convert the 
•• piezo-electric output directly into x values. 
3. Inout/Output Relationship Relative to Load and Frequency. 
It had been noted that a change in load carried by the 
vibrator would require a greater curren·t input to maintain 
... 
a given~ and that this varied with frequency. 
The input required to give a range of selected masses 
... 
a peak ::c. of lg is shown in figure 53. Since displacement 
is linear with input to the point of wave distortion, / 
-1 ----·-------- ----- -----------------------c---
. 
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·Table 13 - Calibration data for Piezo-Electric 
Transducer Outout with Displacement 
at Various Frequencies 
VibratiJn Piezo-Electric Transducer 
Meter Volts 
Setting At Frequencies Hz. 
m.m. 
200 300 400 500 600 700 
0.0005 0.075 0.080 
0.001 0.145 0.155 
0.002 0.15 0.275 o. 30 0.40 
C.004 0.40 0.50 0.65 0.85 
0.006 0.50 o. 70 0.95 1.25 
0.008 o. 725 1.00 1;35 1.60 
0.010 0.90 1.20 1. 70 
0.012 1.05 1.45 
0.014 1.25 1.75 
0.016 1.45 
0.018 1.60 
-0.020 1.80 
30 40 50 60 RO lOO 
0.005 0.4 
0.010 0.5 0.9 
0.015 1.2 
0.020 1.0 1.7 
0.025 2.1 
0.030 
' 
1.5 2.6 
o:o35 2.9 
0.040 2.5 3.4 
0.045 3.8 
0.050 1.5 2.5 3.0 3.5 4.0 4.2 
0.10 3.5 4.5 6.0 6.5 7.5 
0.15 4.5 6.5 8.5 10.0 12.0 
0.20 5.5 9.0 11.5 13.5 
0.25 7.0 11.5 14.5 17.5 
0.30 8.5 13.5 18.0 
0.35 11.0 16.0 
0.40 12.0 18.5 
0.45 13.5 
o.so 16.5 
1000 
0.100 
. 0.200 • ! 
' 
' 
120 150 
0.5 0.5 
1.0 .1.1 
1.4 1.5 
1.9 2.0 
2.3 2.5 
2.8 3.0 
3.2 3.5 
3.7 
' 
' 
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Table 14 - Displacement required to give lg peak 
acceleration relative to frequency 
Frequency E. Volts £m.m. 
•• •• H at lg X at 1g X z 
10 
-
s.ooo 
20 32,0 1.250 
30 16.5 o.sso 
40 14.7 0,3125 
so 11.5 0.200 
60 9~0 0.138 
' 
70 7.7 0.102 
80 5.8 0.078 
90 s.o 0.062 • 
. 
lOO 4.3 0.050 ·. 
' 120 3.2 0.035 
150 2.2 0.022 
200 1.1 0.0125 
300 0.8 
· ..
0.0055 
400 0.5 0.00312 
500 0.4 0.00200 
600 o·.2 0.00138 
700 0.16 0.0010:2 
800 0.13 0.000781 
900 0.12 0.000617 
1000 0.10 0.000500 
Cmm set up on Wayne Kerr vibration meter 
£volts piezo-eLectric output. \ 
. .. 
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monitored on the C.R.O~, an input/g ratio could be 
established for each mass carried and for each frequency 
of operation, provided overloading did not occur. 
During the friction cell experiments it was found 
that the shear loads added reduced the load carried by 
the vibrator allowing a g gain which had to be compensated 
for in the result. 
= total mass on vibrator 
= counterbalance load 
~ = shear load added. 
F1 + ~ were suspended over the pulley system 
and the effect of increasing ~ on g gain is·shown 
for PlOO Iron powder at. lOO H~, in table 15 and 
figure 54. 
Several graphs had to be produced for each 
frequency and powder employed and the one shown is 
typical of the series •. · 
. '·· '.: 
-.. ~· "., . ··., 
; _._ ---- ~ -
.. 
,', ' .. 
. . ·; ), 
' 
Table 15 
-
Effect of Increasing: 
'!" F' 0.2 Amps 
1: £v ~V Er.m, fg C:v Gain Gain Gain 
0 0 1.40 0 0 0 2.20 
25 25' 1.50 .10 .0012 .02 2.30 
44.8 44.8 1.57 .12 .0015 .03 2.33 
69.8 25 1.93 .53 .0062 .12 2.74 
94.8 50 2.10 .70 .0082 ~16 3.00 
119.8 75 2.13 .73 .0087 .17 3.02 
144.8 lOO 2.12 .72 .0087 .18 3.02 
169.8 125 2 .os .68 .0080 .16 2.92 
194.8 150 1.87 .47 .0057 .12 2. 72 
219.8 175 1.60 .20 .0025 .os 2.47 
244.8 200 1.3 .10 .0012 .02 2.08 
• 
-
. 
-
Shear Load on the Acceleration Gain 
0.3 Amps 0.4 Amps 
fv Cnun tg ev ev £nun 
. Gain Gain Gain Gain Gain 
0 0 0 2.90 0 0 
.10 .0012 .02 3.02 .12 .0015 
.13 .0015 .03 3.07 .17 .0020 
.54 .0065 .13 3.52 .62 .0075 
.80 .0095 .19 3. 77 .87 .0120 
.82 .0097 • 20 3. 77 .87 . .0120 
.82 .0097 .20 3. 77 .87 .0120 
.72 .0088 .18 3.65 .75 .0090 
.52 .0063 .12 3.50 ·.60 .0070 
.27 .0033 .06 3.2 .30 .0035 
.12 .0015 .03 2. 77 .13 .0020 
t 
"t_g 
Gain 
0 
.03 
.04 
.15 
.21 
.21 
.21 
.19 
.14 
.07 
.04 
I 
\D 
CO 
I 
-, 
' 
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5.10 
5.20 
CHAPTER FIVE CONTENTS 
PRESENTATION OF RESULTS 
Results of the Pilot Rig Experiments 
cavity Fill Results 
page 
99 
99 
5.21 Results for the Spherical Bronzes lOO 
· 5.22 Results for the Iron PlOO containing 
Stearate lOO. 
5.30 Settling Densification as a function of 
I nl and 1 g 1 101 
5.31 Results of 200 pm. Spherical Bronze 
(Mass A) 101 
5.32 Results for 200 pm.Spherical Bronze 
(Zerf Mass) 103 
5.33 Results for Iron PlOO,(Zero Mass) 103 
5.34 Results for Aluminium, (Zero Mass) 104 
5.35 Results for 600 pm.Spherical Bronze 104 
(Various conditions) 
5.40 Results of the Effect of Vibration on 
Interparticle Friction 105 
5.41 Effect of Settled Density 105 
5.42 Effect of I g I and In I on Friction 
Reduction 106 
5.43 Effect of lOO Hz.frequency on 
various powders lOB 
5.50 Results of Flow and Fluidisation Determination 
109 
.. 
5.60 Results of the Effect of Vibration on 
Press Compaction Forces 110 
.. 
-------------------------------
, .. 
-99-
5.10 Results of the Pilot Rig Experiments 
Two powders namely the Iron PlOO and the Cu/Sn 
Admix were vibrated in this rig using a top surface 
load and frequency of 50 H~. 
.. 
The settling results with time of vibration, are 
shoWn in tables 16 and 17 and these results are plotted 
in figures 55 and 56. 
The results for both 'powders show a rapid initial 
increase in density and within the first minute 900/o of 
the possible increase, at the prevailing g, is reached •. 
A maximum densification exists for each g value and this 
maximum is obtained within four minutes of vibration. 
If these maxima are plotted relative to g, figure 57, 
a g value is reached over and bey!)nd which densification 
. is lost. This factor is discussed in detail later • 
The maximum possible densification was found at this 
stage to be approximately equivalent to D -n the actual T-A. 
densification being a function of time and g. 
5.20 .Cavity Fill Results 
The results obtained using the modified Oakley 
apparatus, described in section 4.21, were from the range 
of spherical bronzes and the iron PlOO containing Zn · 
stearate in small percentages up to 2.00/o as used in 
normal production pressing • 
. . 
The choice of these powders made it possible to 
determine the combined effect of orifice size and grain 
size for the bronzes and orifice size and stearate content 
in the case of the iron powder •. 
----------------------------------------------------------------------------
-lOO-
1. Results with the spherical bronzes. The density 
values obtained for this range of six powders are given 
in table 18. Occasional runs were made in duplicate 
and consistent values were obtained. These values were 
plotted for each bronze size, figures 58 and 59, and 
in order to give a direct comparison, all the graphs 
are superimposed, figure 60 •· 
•· · In order to determine more specifically the extent 
of density improvement which had been achieved by the 
vibration, an improvement factor was devised as follows:-
Improvement Factor = DV/DD 
DV is the density after .vibration and DD the dispensed 
density. Dv was always greater than DD,hence the factor 
was always greater than unity to an extent depending upon 
the improvement. 
Improvement factors are shown in table 20 and plotted 
graphically in figure 61 which shows the ranges within which 
the values lie for the two container groups. 
2. Results with iron PlOO containing Zn. Stearate. The 
density results are shown in table 19. Values were taken 
of the PlOO iron and also with four Zn stearate contents. 
The results are shown plotted in figures 62 and 63. The 
dotted lines show the density of the admix and the full 
• lines the density corrected to that of iron itself, i.e. 
true density. For comparison the true densities are plotted 
collectively in figure 64. 
I 
\ 
An alternative plot showing. the density improvement with 
stearate content for a given cavity size is shown in figure 65. 
. 1 
The improvement factors are ·listed in table 21 and depicted in 
figure 66. 
5.30 
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Results of Settling Densification Dr as a Function 
-of Freguency and Peak Acceleration 
The results are presented in the following sequence:-
Powder Frequencies 'l'op Surface' Load 
1) 200 F· Bronze·. Range Mass A 
2) " " " · .• , ,, ...... Zero 
3) Iron P.lOO '., Range· Zero 
4) Aluminium •. Range Zero 
,, 
5) 6oo F· Bronze. Range·· Zero 
... 
" 
' " 
" Range Mass A 
" " " lOO Hz Masses o, A,B,C,D. 
" " " 300 Hz Masses O,A,. B,C. 
The method in presenting data is described in section 
4. 33 (part (d), but essentially the following graphical 
presentations are used:-
(a) Height loss with time, 
(b) Settling densification with~ (in terms of g). 
at 1 min. and 4 minute vibration times. 
(c) 
(d) 
Superimposed graphs of (b) at 4 minutes. 
•• Densification with respect to x and Hz. 
1. 200 pm Bronze, Mass A. The testing arrangement using 
the top surface mass A was a logical extension to the pilot 
rig experiments with the ~xception that now frequency could 
. be freely varied. The choice of the 200 ym Bronze was 
in the light of experience gained on the pilot rig with 
.. respect to the occasional sticking of the top. mass with 
fine powders. 
made 
I 
I 
I 
I 
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At this stage the effect of frequency on densification 
was unknown and a wide range of frequencies were initially 
tried. It soon became evident that beyond 1000 Hr had 
little effect and subsequently results were confined to the 
o to 1000 Hz range. 
The height loss with time results for the 200 pm 
bronze are given in tables 22 to 26 inclusive and the 
corresponding graphs in figures 67 to 71 inclusive. 
All the graphs indicate an initial rapid rate of 
height loss but the extent is both frequency and peak 
acceleration dependent. The maximum height loss was 
found to be 1.8 mm and this was only obtained within 
four minutes at 300 Hz. This maximum could only be 
achieved by other frequencies using excessively long times 
and furthermore only if g below a certain critical value 
was used. This latter factor can be seen from figure 67 
where at 1.8 g the height loss refuses to extend beyond 
1 mm. It is evident that in this case an equilibrium 
situation had been reached where the vibration displacement 
is now causing dilation of the bed and on switching off 
the vibration the bed settles to a constant height and 
density. 
, .. The plots of improvement in density, as densification DI, 
against peak acceleration g are shown in figures 72 to 76 
inclusive using the data shown in table 27. Here. again the 
critical g effect is emphasized, figure 72, and any 
improvement in density can only be achieved, at the most 
rapid rate, by using a g value just below this critical. 
Hence at SO H;t• maximum densification may take up to 
one hour, whereas at 300 H~, it is achieved in 4 minutes • 
. ,.·.•·. 
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The critical g for dilation varies according to 
frequency, as shown by figure 77, although the most 
rapid initial densification is provided by a frequency of 
lOO Hz. This latter factor is shown by the plot of 'n' 
vs. 'g' • to provide stated density levels,· figure 78. 
2. 200 pm Bronze, Zero Mass. It seemed evident from the 
. I 
results just outlined that the critical g value for 
dilation of the powder bed was being influenced by the 
surface load. The experiment was repeated with no surface 
load and the cumulative results of densification with peak ' 
acceleration shown in figure 79. 
When this is compared with figure 77 it becomes 
evident that the effect of the surface load is in fact 
to suppress the rate of settling and also raise the 
dilation critical g values. 
It was decided that this effect warranted further 
investigation and additional surface loads were designed. 
In the meantime, other powders notably two of contrasting 
properties were examined for settling data, i.e. Iron PlOO 
and Aluminium, without constraining loads. 
3. Iron PlOO, Zero Mass. Since no surface load was being 
used to constrain the particle bed it-was decided-to take 
readings of height loss with time not only when the vibration 
had been switched off but also during the vibration as well. 
... 
The results obtained for a range of frequencies are 
shown in figures so to 85 inclusive~ 
• 
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Figure 80 shows clearly that up to 1.1 g the powder 
merely settles without dilation but at 1.3 g, l.58g and 
1.8 g the dilation effect increases and the distance apart 
of the 'during' and 'after' vibration curves becomes 
progressively greater such that densification is being lost. 
Furthermore, the heights are constant with time indicating 
the equilibrium condition set up, for the powder and 
conditions pertaining. 
The densification D1 achieved after four minutes 
•• in relation to x is shown in table 28 and collectively for 
the various frequencies in figure 86. The dilation 
effect obtained with the 30 Hz and SO Hz frequencies 
beyond the critical dilation g is shown by the shaded areas. 
The time to reach DI (Max) with the lOO H~ frequency was 
18 minutes Whereas DI (Max) could be reached at 200 Hz.after 
4 minutes. This is solely a result of the critical g 
dilation effect at the lower frequencies. 
4. Aluminium, Zero Mass. As for the previous powder the 
aluminium was tested with no surface load constraint. 
Only the collective graph is given of the results, figure 87. 
In this case the DI (Max) was reached before the critical 
dilation g whiCh indicates that powders behave differently 
according to their characteristics. 
--------------------
This factor is taken up in the discussion. Figure 88 
shows the peak acceleration to give fixed densification values 
relative to frequency. 
5. 600 wm Bronze. This was first tested with no constraint 
I 
over a range of frequencies, the results'being shown in 
figure 89. (It should be noted that the peak acceleration 
scale for all .the 600 pm Bronze graphs is half.tbat of 
other similar graphs already introdu~d) • 
. -··-·-- - ........ . 
•. 
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critical dilation occurs at less than 2g for all 
frequencies up to 300 Hz whereas with a surface constraint 
figure 90, dilation is suppressed.Fcrthe lOO Hz , 
suppression is from lg to 2g and to indeterminately 
high values for the other frequencies. 
The testing of this powder at the selected 
frequencies of lOO and 300 Hz, but carrying various 
surface constraining loads, yielded the results shown 
in figures 91 and 92. The trend of increasing surface 
constraint in raising the critical dilation g is confirmed 
in both cases. There is also the trend of the DT 
rising towards maximum as the critical g rises with 
constraint. 
5.40 Results of the Effect of Vibration on Interparticle Friction 
The results are presented in three parts, firstly 
the effect of density on the friction value, then the 
effect of vibrational parameters, and finally the 
influence of lOO Hz on various powders. 
1. Effect of Density. The variation of density for 
PlOO iron powder provided by the variation in settling 
-- ----
time is shown in table 29. On calculation of the normal 
load and relating this to the shear load the friction angle 
was established • 
• 
With the low density of 2.42 g/cm3 
(slightly less than DA) the friction angle is 2.1o but this 
rapidly rises with density to reach a peak of the order of 
70° after 20 to 40 seconds settling. These results 
presented graphically show firstly the rise in shear load 
with density,figure 93,then the effect of density on the I 
I 
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friction angle directly ~igure 94,and finally the effect 
of normal load on the friction angle,figure 95. The 
latter figure shows the consistency of the friction angle 
result once the density also reaches a near maximum high 
consistency. As a consequence the treatment of 40 seconds 
settling treatment was decided upon as sufficient for 
achieving maximum densification. 
Subsequent to this the friction angle was determined 
for the full range of powders available. all of which were 
settled for the 40 second period and the results are shown\ 
in table 30. 
•• 2. The Effect of Peak Acceleration x (in terms of g) 
and.Frequency non Interparticle ·Friction. The iron PlOO 
was examined first and the results for the range of 
frequencies used shown in tables 31 to 35 and graphically 
in figures 96 to lOO. The graphs show the result 
corrected for the effect of shear load added to the 
vibrator allowing a g gain and secondly for the effect 
of resonance which reduces the· g necessary to provide 
release of the core. The corrected curves are plotted 
collectively in figure 101. 
It can be seen from this fa~ily of frequency curves 
that in all cases of frequency the shear load is reduced 
and consequently ··•r;t• 1 since the normal load t7'" is 
• constant as a result of the density standardisation. The 
most effective reduction is at lOO Hz and this suggests 
that a critical frequency exists at or near this frequency. 
The presence of such a critical frequency correlates with 
\ 
the experimental work on vibrational settling where the most 
effective settling rate was found, with PlOO, to be of the 1 
-------,--·· •···--·---' 
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same order of frequency. This correlation also tends 
to indicate that settling depends on the reduction of 
particle friction in its widest sense, discussed later. 
A second aspect relating to these graphs is ~he 
presence of a threshold value for each frequency 
indicating the requirement of a limiti~g force below 
which friction is not effectively reduced. This again 
correlates with settling rate data on vibrational settling. 
It should bei.remembered that the graphs are resonance 
corrected and if resonance does occur the reduction in 
friction will be more effective and occur at lower values 
of peak acceleration. 
A final point is the non-conformity of the 50 Hz 
curve where at high displacements the shear load falls 
rapidly to zero. This was characteristic of the low 
frequency range vibration in general since below 80 H% 
the displacement values, necessary to provide peak 
accelerations in the. region above O.Sg, are high and 
secondary lateral oscillations are set up giving erratic 
operation of the vibrator. The suggested result in the 
absence of erratic operation is shown dotted, figure 101. 
The presentation of the data in an alternative form 
is shown in figure 102; here the shear load is transposed 
to read~ and, the values of~ plotted at peak acceleration 
values of o.25g, o.sg and l.Og. 
This presentation shows the critical lOO Hz region 
where ~ is at its lowest value·and in addition the effect 
of g on its reduction~ 
\ 
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The process was repeated with the Irregular Copper 
powder and the results presented in the same form as the 
Iron are shown in tables 36 to 40 and figures 103 to 107. 
This powder was chosen because the maximum friction value 
with no vibration was 69.9°, compared to the PlOO of 70.1°. 
This then allowed a direct comparison of the effectiveness 
of v;bration on reducing friction in both powders. 
As can be seen the general effect is very similar, 
figure 107, but the superimposed graphs of friction values, 
figure 102, reveal that at all frequencies the vibration is 
more effective on the PlOO powder. This led to the 
hypothesis that the difference is due to the difference 
in the powder characteristics controlling the ability of 
force transmission. These characteristics are discussed 
later. 
3. Effect of lOO Hz frequency on the interparticle friction 
of various powders.' Having shown that friction can be 
reduced by vibrational treatment and that the effectiveness 
is both frequency, displacement and powder characteristics 
dependent it was decided to examine a range of powders at 
·lOO H% to determine the frictional reduction and, if possible, 
correlate the results with each powder' s-characteristics~ · 
Figure 109' shows the results obtained from a series of 
six powders haviQg contrasting properties and this shows how 
the reduction of friction varies from powder to powder for the 
same vibrational treatment. The curves show a threshold 
value g T in all cases but to a less extent for the two 
spherical bronzes which are the two lower curves and which 
have the lowest friction value without vjbrational treatment. 
------------- ---- ---- --- --
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The gT values for the other powders are more 
pronounced and these determined at the steepest portion 
of the curve are listed in table 41. The highest value 
obtained was for the L.D. Cu followed by the Al, IRR.Cu 
. and PlOO Fe respectively. 
These frictional reduction results appear to have 
correlation with the characteristics of the powder and 
the parameters of vibration. (See discussion) • 
Results of the Flow and Fluidisation Determinations. 
These results show.the optimum frequency for each of the 
eighteen powders at which energy transmission is most 
effective. 
The results are shown in table 42 but it can be seen 
that outside the optimum transmission frequency the g 
values, particularly for fluidisation, were beyond the 
output of the vibrator. However, some interesting 
graphs were obtained and these are shown in figures 110 to 
118 inclusive. 
'•I' 
Figure 110 shows collectively the Spherical Bronze 
powders which although flowing at lowg values, above l.g, 
could not be fluidised at any-frequency with-the-exception 
of the very fine 20 urn powder •. 
The othe~ figures ~ll to 118 show the U shaped form 
of the flow graphs and the V shaped form of the fluidisation 
graphs, and all the minima values appear in the 80 to 120 
Hz region but at different g.values. This latter factor 
points more clearly to the differences in force transmission 
exhibited by the different powders. 
•. . 
5.60 
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'!'he experimentation to find the optimum frequency 
of energy transmission, by zoning in on the most effective 
fluidisation, yielded the results shown in table 43. 
'!'he values were all in 'the fairly close range of 80 to 
120 H~ • The general trend was for powders with large 
rounded particles of high density to be at the low end 
of this range whilst powders with small irregular low 
density particles tended to be at the high end. The 
presence of cohesion, as with the 20 pm Bronze and 
aluminium, may be an influence in moving the result to a 
higher value. 
· The increase in stearate addition to the Iron PlOO 
· appears to cause a slight reduction in this frequency 
but tends to raise the flow g and lower the fluidisation g 
(figure 115). 
On this figure are additionally .marked the loss of· 
densification g points for Iron PlOO and it is ,interesting 
to note that these dilations g follow·the same trend as 
the flow graphs, but at slightly lower g values. 
\ 
Effect of Vibration on Press Forces and Die Residual Stress. 
Initially the small pneumatic vibrator was used V 593, 
----------
figure 47, and since this appeared- ineffective a-larger 
type was used V 83. 
It had bean hoped that press forces and die residual 
stress would have been reduced by use ·of these .vibrators as 
the literature had indicated, but unfortunately neither of 
the vibrators had any significant effect in either the 
horizontal or vertical modes. 
-----------------
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A maximum air line pressur~ of 80. psi was available 
giving operating frequencies of 
V593 
V 83 
84 Hz 
55Hz 
. ' 
Some typical results taken·are shown in tables 44 and 
45 and in figures '119 and 120 • 
. >. 
' . .., .. 
. . 
,.J, ·-
t ••• ':·· 
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CHAPTER SIX 
6.00 DISCUSSION OF RESULTS 
AND CONCLUSIONS 
t. 10 Activation of Powders 
• 
The fac·tors affecting the settling .of powders are 
discussed in section 2 •. 30. Powders settle to an 
equilibrium configuration depending upon the mode of 
deposition and the characteristics of the powder. In 
practice any density configuration may be reached bet'I'Jeen 
DA and DT but as the density moves towards DT the greater 
the energy ba~·rier for further densification. In addition 
the energy barrier increases as the powder parameters of 
flow, DT/DA ratio, 't 1 l;t 1 angularity, Q( and surface 
area increase. 
Further settling towards DT can be accomplished by 
activat:ion using vibrational treatment. ~·he activation 
is brought about by the transfer of energy, in periodic 
time, as a function of the peak acceleration and frequency 
.of the vibration. '!'he effects of damping ati.:enuation 
constraint and resonance must be taken into account when 
considering the actual energy received by the powder and 
not merely the input energy. 
The powder will react in various ways according to 
the energy level imposed. Initially the particle system 
settles when the energy level is sufficient to overcome 
the barrier level pertaining. This fact is proved by 
the limit of settling obtained at a given energy level. 
6.20 
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Above a discreet energy level the particles undergo 
separation and may move relative to each other due to 
loss of frictional contact. The powder characteristics 
governing the energy barrier will also control the energy 
required to give flow. 
As energy is raised further the flow develops into a 
macro-separation and fluidisation of particles. 
Settling Densification. 'J:'he initial density for all 
settling experiments was approximately equivalent to DA 
and the final maximum cen.sity possible approximately 
equivalent to DT. 
The parameters involved in the settling densification 
DI were found to be -
(<>.) peak acceleraticm level in terms of g 
coupled with the frequency used; 
{b) time or rate; 
(c) constraint ~y surface masses. 
~ate of Densification. This refers to the initial 
settling rate of the densification time graphs. In all 
cases the most rapid rate of settling was induced by 
frequencies within the 80 Hz to 120 Hz region, Le. 
the frequency range in which the transmission of energy 
appears to be the most effective~--The exact-frequency 
for optimum energy transmission was found from the 
fluidisation experiments, the results being given in 
table 42. 
The most suitable frequency for densification however 
was found to be in the range of 200 Hz to 400 Hz as a result 
of the critical g dilation effect discussed in the following 
section. 
' 
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2·. Dilation g for Various Powders. The extentand rate 
of densification, for a given powder, at a given frequency, 
depends upon the g value above the threshold value gT. 
Therefore to increase densification rate the value o£ 
g is increased to a point where n1 (Max) can be achieved 
in the shortest possible time. Unfortunately, within 
the frequency range, up to 200 H 1 the g for dilation is z 
very low such that to achieve DI Max even lower g must be 
employed which involves excessive time. 
The Iron PlOO for instance has a low dilation g of 
1.6 and effecting densification to DI Max at say l.Sg 
takes 18 minutes. 
On the other hand at 200 H
2 
the dilation g is 2.8 
an~ densification say at 2.7g brings about densification 
to DI Max in 4 minutes (See figure 86). 
The dilation g for the four powders examined with no 
constraint on the top surface at various frequencies are 
given as follows:-
Dila.tion g for 
' n' Iron PlOO Al 6oo urnB 200 urnB 
Hz ... OPEN TOP SURE'ACE ·~ 
..... 
-- 30 ----
---1.3- -------- -------------- -----------
--
---- ---
. 
50 1.5 1.6 1.2 1.25 
lOO 1.6 1.8 1.25 1.21 
200 2.8 1.5 
300 2.8 1.6 2.0 
500 3.1 2.5 2.4 
1000 
• 
----------------------- -
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These g values when compared with the values 
obtained for the onset of mass flows of the powder bed 
follow the same trend, see figures 115 and 118, for Iron 
PlOO and Aluminium. 
It became apparent that the roost suitable frequency 
for settling densificati.on is in the region of 200 to 400 Hz 
where energy transmission is still sufficiently effective 
to densify but yet a sufficiently high g value can be 
used to provide DI Max. within a reasonable time. The 
use of lower frequencies even to provide low g values 
involves large displaceroents. 
3. The rtffect of constraining masses on the powder 
is to progressively raise the g dilation values for all 
frequencies. In effect a greater vibrational energy 
is required to overcome the constraining force and allow 
rel..J.t::.ve movement of particles. 
'l'he mass bas a constraining effect such that the 
pressure rarefaction waveform normally causing a reduction 
in the friction of the particles by separation is not 
fully effective. The result of this is to slow down 
·the densification rate and the higher. the m<>.ss the greater 
the effect. For example, figure 92, the g dilation value 
for the 600 J!lll bronze,· causing loss-of density- at 1. Sg at 
300 Hz and with an open top surface, is gradually raised to 
higher g values by the increased addition of superincumbent 
mass •. 
In this respect it would be more advantageous to densify 
the powder in a die before applying the constraint of the 
plunger. 
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4 ·CavitY Fill Results - Spherical Bronzes 
The results obtained with the spherical bronze 
powders, figure 60, show a general improvement in density 
by vibrational treatment although the improvement factor 
graph, figure 61, shows a fairly distinct improvement 
difference with respect to particle size, the .larger 
. the particle size the less the improvement. The 
improvement is also slightly less effective in the smaller 
· orifice sizes. 
Superim~osed on figure 61 are the DT/DA values 
which follow the same trend as the improvement factor. 
It follows that the possible improvement irrespective 
of the powder, bears some relationship to this ratio, 
although in the case of the spherical bronzes, the 
improvement is only nominal and may not prove beneficial 
in pressing operations except perhaps for the less 
than 40 micron size. 
5. Cavity Fill' Results- Iron PlOO Containing Zn Stearate. 
Figure 64 shows that for all the cavity sizes 
vibrational treatment has improved the density. Of 
the two cavity sizes, shown in figure 65, the most 
noticeable effect is that an optimum stearate content 
exists at o.s to 1.0% at which cavity fill without. 
vibration is good. Although vibrational treatment has 
improved on this, the improvement factor, as indicated 
.. 
by the distance apart of the vibrated and not vibrated 
graphs, is the lowest. This.once again follows the 
trend of the DT/DA ratio. 
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The conclusions from these cavity fill results 
were:-
(a) Vibrational treatment will improve the 
settled density of a metal powder in 
restrictive cavities. 
(b) The ratio Dr/DA gives a suitable indication 
of the extent of possible improvement that might 
be gained by the vibration. 
(c) The smaller the cavity size the greater 
the improvement obtained although the maximum 
. densification possible is less due to the 
'container effect' , i.e. container surface 
area becoming large relative to container volume •. · 
The container effect is more significant 
with larger particle sizes. 
6.30 · Reduction in Powder Frictional Contact 
The interparticle friction values obtained 
without vibration were found to depend upon the powder 
· characteristics and the degree of powder densification. 
Increased values are to be expected with finer grain 
size due to greater surface contact and with increased 
.. angularity_ due_to. the_mechanical_interlocking- effect.-··-
Additionally, the surface nature of the particles on a 
· ' micro-scale will influence the friction value. 
The application of vibrational energy to a particle 
mass will in all cases reduce friction to a low value. 
The actual reduction depends upon the same factors which 
··effect the improvement in densification in terms of 
powder. activation. These are the parameters of vibration 
I 
.... 
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activating the powder by transmission of force the 
latter being influenced by the powder's characteristics. 
The parameters of the vibration are the g/n 
relationship. In all cases the higher the peak 
acceleration g the more effectively friction is 
reduced, although a threshold value gT exists which 
varies according to the characteristics of the powder. 
In addition the frequency is most effective in the 
range of 80 to 400 Hz the lowest friction values 
being found in the 80 to 120 Hz'region. 
1. correlation of Frictional Reduction by Vibration 
with the characteristics of the Powder. The salient 
properties of six of the powders examined are given in 
table 41. 
The Scanning Electron Micrographs of these six 
powders are shown in figures 30 to 36. The two 
bronzes are noticeably spherical, compact and of high 
density relative to their true density. The surface is 
dendritic which is typical of a bronze of.this type due 
to the wide solidification range. The 20 micron,bronze is 
only nominally 20 micron and shows a particle distribution 
and the cohesive attraction of the sma+l particle to the 
larger ones is quite evident. 
The flow of these bronzes is good and their angle of · 
repose, and maximum friction values,are low. As a 
result it might be expeqted from these characteristics 
• 
that force transmission during vibration would be good 
and friction, which is low initially, could soon be 
reduced to an even lower.value by only low g peak. 
acceleration. 
6.40 
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The remaining four powders are all angular, but to 
varying degrees. The Aluminium is the extreme case and 
exhibits a flake-like structure resulting in a high DT/DA 
ratio, angle of repose and friction values. The average 
particle size of the Aluminium sample is 12~7 microns 
and this factor related with the flake structure, produces 
a non-flowable powder. In spite of these characteristics, _ 
however, 'the interparticle friction is rapidly reduced by 
the application of vibrational treatment and in addition,· 
during the settling experiments, the powder appeared as if 
to 'melt' into the denser particle configuration. 
The Iron PlOO and the two Copper powders all produce 
similar friction values.· This might be expected since 
·all three powders produce similar sieve analyses and have 
... 
similar grain shapes. Even the angle of repose values 
are similar, although the slight difference is reflected to 
a greater extent by the Hall flow readings especially with 
the L.D. Copper. 
A closer examination of the L.D. Copper particles 
by the S.E.M. reveals the more porous structure than either 
' the I R.R. Copper or Iron P.lOO and this is reflected in the 
low density value. Relating this factor of porosity to the 
· friction loss effected by.v:ibration_reveals_that_L~D.Copper 
. . " ,) ! . 
has the highest threshold value gT and consequently a 
reduced ability to transmit force into the powder mass • 
. . 
Densification and Frictional Reduction Mechanism; 
Assume a bed of contained particles has settled to 
.I 
an equilibrium density as dictated by the conditions of 
settling such as pouring and environmental conditions and 
particle characteristics.· i'he particles are then in contact 
I 
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with each other under the constraining force of gravity 
and before considering the effect of vibrational treatment 
on the subsequent behaviour of the bed, the effect of a 
sustained increase in force and .sustained reduction in 
force will be considered. 
1. The effect of a sustained increase in force. This 
would cause the particles to come into closer contact 
with consequently more effective locking together of the 
asperities. A slight but insignificant rearrangement 
would occur but resistance to movement would rapidly 
increase with applied force. Only a high force causing 
shear of the asperities and deformation of the particles 
· would effectively densify the particles as obtained during 
the pressing stage of component production. A sustained 
increase in force is therefore discounted as a mechanism 
for densification rearrangement without particle damage 
or deformation. 
2. The effect of a sustained reduction in force. To 
reduce the force to zero by hypothetically removing the 
force of gravity would allow the particles to float and 
relative movement would become a simple matter due to the 
loss of contact friction. This situation may be ideal 
for par'!:~<:: le f].()W andfl u idisation _but_ in_ itself_ is 
· unsuitable for bringing about densification. 
3. The Densification Mechanism. The mechanism required 
to bring about densification beyond the equilibrium 
settling condition appears to require an alternate 
separation and bringing together of the particles. 
' . :' ' ' ' 
The degree of separation or bed dilation must.be minimal 
if, on bringing together again, a denser configuration is 
to be achieved. The separation part Of the cycle must / 
\ 
-----··- -- --· -- - -. ----·· -- --· -J- ------
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reduce contact fJiction to a value 
; that produced by 
less thanA_gT and 
the pressure part of the cycle will then improve the 
density since the static friction value is reduced to 
that of a dynamic friction value by the induced motion. 
The process therefore depends on a repeated application 
of the cycle but within the critical limit of the peak 
acceleration of the vibration causing dilation. 
4. The vibration parameters effecting reduction of 
friction and densification. The theoretical analysis 
of rectilinear sinusoidal vibration is well known and 
given in Appendix A. Derivations for velocity and 
acceleration are given with respect to displacement 
and shown in figure 121 (a)·~ 
Applying this to the situation of a single particle 
resting on the base of a container would show that 
~urlng the second half of the upstroke, period B, 
the acceleration force is constraining the p~rticle 
to the container base but immediately the downstroke 
starts, period C of the cycle, the constraint is relaxed •. 
Figure 121 (b) shows this part of the cycle as curve 
X 
y 
z 
where 
" 
•• X <g 
•• x= g 
X >'g •• 
In the case of curve X the degree of relaxation is 
shown by the path of the particle curve x1 relative to X 
of the container. 
Thus the vibration produces first a relaxation and 
then a constraining effect on the particle and when this 
mechanism is applied to a bed of particles, then 
densification will occur with the time of repeated cycling. 
I 
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This is provided that relaxtion is not critically high, 
as dictated by peak acceleration, such that the settling 
configuration is moro disordered than the equilibrium 
settling configuration, giving rise to a loss in density. 
5. The Impacting Mechanism • For curve Z, figure 121 (b), 
•• 
the value of x exceeds g and on relaxation will result 
in complete separation or trajection of the particle, 
1 
curve Z , relative to the container motion z. This 
results in a collision or impacting of the particle 
·with the, container on the next upward stroke. 
Two cu::ves f01: z1 are drawn to show the difference 
in the degree of impacting occurring when the par:ticle 
meets the container. 
When a powder bed as a whole is subjected to t:1h: 
process of impacting an additional constraining effe·~'l:: is 
produced on the particles Hhich is a contributing 
mechanism to densi.fication. 
The presence of impacting was noted on. the 
oscillograph- trace, see figure 122# The upper traces 
are of the imput voltage and the lovJer traces of the 
container movement. Initial impacting occurs at the 
--bottom- of-the- trace_and_then_rises_upwards • __ The_mid·· 
point of impacting would produce greatest effect since the 
container is at peak velocity at this point. 
6. The Fixed Bed Situation. The above mechanism 
although basically true is not the complete situation 
when applied to powder beds in containers which themselves 
are not reciprocating but where energy is applied to the 
powder by some form of transducer situated in the side or 
----..·~-
base o£ the container. Energy losses will result ·-d~e to I 
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. 
(a) the drag on the container sides due to 
contact friction: 
(b) the force transmission gradient within the bed 
relative to bed height and particle characteristics. 
These effects are shown schematically in figure 123 
and the attenuation of force can be substantial as 
compared to very low losses with reciprocating beds,-
Transmission with fixed beds relies to a greater extent 
on particle to particle transmission of force as a pressure _ 
wave into the bed followed by reduced frictional contact 
during the rarefaction cycle. Immediate effects would 
occur nearest the transducer as a result of attenuation 
within the bed. Reliance becomes greater on the mass 
continuum to transmit force but as.the bed settles to a 
higher density transmission improves. 
7. Explanation of the effect of Frequency 'n' on friction 
reduction. The explanation as to why the frequency 
range lOO to 400 Hz is most effective in reducing friction 
may lie in the values of displacement required to give a 
peak acceleration equivalent to the values where frictionaL 
reduction becomes most effective (i.e. from o.Sg to l.Sg). 
The se displacement- values- become- exponentially ··large- with 
' . 
reducing frequency as shown by figure 124. From thisJthe 
· effectiveness of the lOO Hz frequency might be explained • 
.. . 
At frequencies below SO Hz the displacement required 
to provide the necessary g is so high it becomes beyond 
the physical capability of the vibration apparatus and the 
latter would become self-destructive and destructive of any 
press on to which it might be attached. 
\ 
,·-:' 
.. 
~~~~~--~~~~~~~- --- -- -
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Above 500 Hz the displacement values are 
very small such that the necessary bed relaxation 
occurring during the passage of the downstroke region 
of the vibration cycle, is insufficient to allow 
relative movement and settling of the particles. 
Displacement values can of course be raised but only 
by. accompanying higher g which may initially assist 
settling by the impacting mechanism but if too high 
causes excessive bed dilation,loss of densification and 
eventually possible fluidisation. 
Between 80 Hz and 400 Hz the displacement values 
appear to be more relative to particle sizes, 
irregularities and more conducive to settling and 
friction reduction without the use of high g values. 
The literature has indicated tha~ for a given g value 
the higher frequencies in this range will activate beds 
of low micron size particles whilst the lower frequencies 
in the range are adequate for larger micron sizes. 
6.50 Significance of the Flow and Fluidisation Graphs. 
The flow graphs which represent the condition 
of the powder on the full flow condition indicate that 
vibrational treatment is causing sufficient powder 
relaxation on the downstroke to allow relative movement 
and sufficient force on the upstroke to produce the 
movement. These conditions appear most favourable in the 
lOO Hz region ~ut the spallow U shaped graphs indicate 
no well defined frequency in this region. 
The fluidisation effect requires greater displacement 
to provide greater force to give the free trajectory 
effect. Sustained traje~tion is provided by both 
particle to particle and particle.to container impacting. 
I 
,. ' 
~ ' -. 
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The fluidisation curves show a more well defined 
frequency at which energy transmission is being most 
effective, that is, fluidising at the lowest peak. 
acceleration possible, 
The general trend of these results when 
related to the characteristics of the powders is as 
follows:-
For optimum fluidisation a smaller particle 
size requires a higher frequency. 
Angular porous particles fluidise at lower g 
values, Such particles, once a~rborne, may be 
more easily retained airborne by the kinematic 
viscosity resistance of the air. 
The spherical particles, in contrast, are more 
difficult to fluidise and require higher g values 
although th~y transmit energy more easily and 
· allow bulk flow at lower. g values than angular particles. 
In addition their . gT for frictional reduction and 
densification are. lower•; 
''' 
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6.60 Conclusions and Proposals for Future Work 
(1} A contained group of particles will settle 
to an equilibrium density according to mode of 
dispensation, environmental conditions and the powder 
characteristics. 
(2} The lowest equilibrium density approximates 
under normal environmental conditions to DA and the 
highest to DT. 
(3} The ratio DT/DA or the value DT - DA are 
highly significant since th0y increase as the 
properties of Flow, rJ- , 'f' , $If and specific 
surface increase. In addition DT - DA /DA expressed 
as a percentage indicates the possible percentage 
densification improvement that ~an be provided prior 
to the application of high press forces causing 
asperlties to shear and particles to deform. 
(4} Particle beds can be activated and their 
equilibrium densities changed by the use of 
vibrational energy. According to the conditions of 
vibration the density may be raised or lowered or, 
during vibration, fluidised. 
(5} Densification is induced by the alternating 
rarefaction and pressure forces which convert the 
static frictional contact, during rarefaction, to a 
dynamic situation during the pressure cycle. 
(6} Powders with a high D~DA ratio, and 
correspondingly high related properties, see 3, 
require a greater degree of rarefaction and pressure/ 
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(6) (cont' d) 
to effect relative movement. This creates a 
certain minimum peak acceleration value for 
.. effective frictional reduction referred to (in 
terms of g) as gT. This threshold value varies 
with frequency used but, for a given frequency, 
relates to the characteristics of the powder. 
(7) Densification is provided by the use of g 
values above gT, the higher the value of g the 
greater the rate and extent of densification towards 
Dr (Max). However a peak value of g exists, see 8, 
Which produced excessive rarefaction such that on 
•' ·cessation of vibration a nett loss in density results • 
. ' ,' 
(8) The peak value of g varies according to 1 
frequency and rises with frequency. Thus the 
optimum frequency for densification is not the 
one giving maximum frictional reduction, i.e. 80 to 
120 Hz but one where a high peak g exists in addition · 
to an acceptable·rate of densification, i.e. 200 to 
400 Hz. 
(9) The densification, which occurs significantly 
above lg, is assisted by the additional sudden pressure 
provided by the impacting mechanism·and, ·in·addition, 
may also be assisted by resonance~ 
.. 
(10) The use of vibration to imp~ove settling into 
.restrictive die.orifices is possible and the greater the 
~/DA ratio the greater the improvement required and 
obtained~ 
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(11) The threshold value gT for a given powder 
providing the commencement of frictional reduction is 
reflected in a similar gT value required to provide 
significant commencement of densification. 
The mechanism for densification is concluded 
therefore to include a reduction of frictional contact. 
(12) The use of g values above the peak value 
described in (7) will promote bed fluidisation. 
The optimum fluidisation values of g are powder 
characteristic dependent, but no clear correlation 
1vas establisi1ed except tha·t optimim fluidisation 
frequency increases with reducing particle size. 
Also the g for fluidisation is lower with ang·ular 
and porous parti.::les • 
(13) The conclusion::: (1) - (12) refer to 
results obtained using an oscillating container 
where energy absorption gradients are very small. 
If vibrational energy were applied to press dies, with 
the object of providing a maximum settled density 
prior to compaction, then larger vibrators would be 
.11ecessaryto allO'w-·fa-r-energy a15sorptTon l5~Fthe press 
and to a lesser extent within the powder. 
(14) It might be feasible that powders with high 
DT/DA ratios, particularly powders which are hard and 
not easily deformed when pressing, might derive some 
benefit from pre-compaction settling, particularly when 
small die orifices exist in conjunction with larger 
sections or where aspect ratios of the die are large. 
I 
,.~ . 
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The investigation of these aspects would make a 
suitable extension to the existing work. 
The possibility of improving the rate of 
settling within a die is possible if the vibration is 
applied during dispensation to take advantage of 
particle momentum in providing the dynamic friction 
situation. 
(15) In view of the nil effect of vibration on 
the actual pressing parameters it might stillbe 
possible with, say, sufficiently intense electromagnetic 
vibrators to effect the dual purpose of settling and 
:t'e<'iuction of compaction forces and die friction. 
Although thii was an original intention o£ the 
research, encouraged by the literature survey, it 
soon became evident that the pneumatic vibrators 
available were unsuitable from the point of view of 
noise and correct vibration intensity at the correct 
frequency. The frequency available of less than lOO Hz 
would require large displacements in ord8r to obtain the 
required g and such displacements would be cestructive 
to the press. It is sug·gested from the work done that. 
a frequency~_ of 300~Hz_to_5_00_Hz be used where settling 
is induced quickly without the risk of approaching the 
critical dilation g. 
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~ndix A 
Analysis of Rectilinear Sinusoidal Motion 
The classical work of this analysis uses the 
basic concept of the motion of a point around a circle 
to derive the relationships for velocity and acceleration 
for a given vertical displacement or amplitude about a 
mean. 
90 Referring to Hannah's book ~ see figure 125, 
the vertical distance x of a point P on the 
circumference of a circle is given by:-
Distance x = r Cos Q •••••••••••••••••••• e~n 1 
The velocity and acceleration are given by 
the first and second derivitives respectfully, using W 
as angular veloci.t:z• • 
Velocity • X = 
Acceleration •• X = 
Since r = a 
.. 
X = 
dx 
= w r sin Q . . . . . . . . . . . . dt 
d2x 
dt2 ' = w r Cos Q . . . . . . . . . . . . 
then egn 3 can be written 
2 
W a cos e 
Since peak acceleration occurs when cos e = 1 
•• 
x max 
Since displacement f = 2 a 
E. = 
egn 
egn 
The displacement required to give a peak 
acceleration equivalent to .,g can be calculated by 
letting 
= g. 
I 
2 
3 
'\ 
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The displacement required to give a peak 
acceleration equivalent to g, 2g, 3g, etc., 
varies with frequency. The lower the frequency the 
greater becomes the displacement and this effect-is 
shown graphically.in figure 124 • 
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Appendix B 
Symbols used in the text 
Pl:"opel:"ties 
DA = 
Dl = 
DT = 
DD = 
Dv = 
J..p = 
appal:"ent density of powder 
improvement in density or 'densification' 
tapped density of powdel:" 
dispensed density of powder 
vibrated density of powdel:" 
pycnometer constant 
T.D. = true density of compacts 
t> = density of material the powder is composed of 
d-.. = angle of repose 
c of A= coefficient of angularity 
M = total mass 
't'· = shape factor 
m = powder mass 
FP = fractional porosity 
PF = packing factor 
Vibrational 
a = amplitude 
x = displacement from mean datum 
E. = total displacement (2 x a) 
g = gravitational ~cceleration 
g = peak acceleration fOJ:"Ce in g 
gT = thJ:"eshold value of peak acceleration 
t = time 
X = velocity = dx/dt 
X = acceleration = d2x/dt2 
w = angular velocity = 2'n n 
force 
= relative position of powder 
(suffix 1) to container (suffix 2). 
I 
------------------------------------------------~--------------~------
.-132-
Frictional 
~ angle of repose 
= coefficient of interparticle friction 
suffix 0 static 
suffix D dynamic 
suffix R rolling 
= angle of friction (suffixed as for;«) 
"t"f ~ shear force 
fff = l;l.Ormal force 
'L = shear load 
() = normal load 
A = area 
h ~ height 
J = -tilt angle 
c = constant 
\ 
' . 
-133-
1. R.F. MALLENDER, C.J. DANGERFIELD and D.S. COLEMAN, 
Powder Met., 1972, ~' (30), p.l30. 
2. E. INESo~: Publication of the Metallurgy Div. of 
B.I.S.R.A., 1962, (MG/A/1/62). 
3. P.D. SOUTHGATE, Journal of Metals, 1957, ~ p.514. 
4. ·. s. SOI<OLOFF, ·Acta Physicochim, u.s.s.R., 1935, 2_, p.93o. 
5. G.F. BALADIN and P. YAKOVLEV1 Russian Castings Production, 
1964, p. 221. 
6 •. J.A. WEBER and E.W. REARWIN, Foundry, Feb. 1961, p.69. 
7. R.S. RICHARDS and W. ROS'l'OI<ER, Trans·;; ~ .• S.M,; 1 1956, 
48, p. 884. 
a. F. KRUGER, German Patent. (604486). 
9. . SIEMENS and HALSKE GESELLSCHAFl' m.b.H., 
German Patent, (823419). 
/. 
,., ; ·-· 
10·. H. SKIMMER, Metal Industry, June, 1964, · p.866. 
11. V.M. 'l'YZHNOV, Metallurgizdet, 1939. 
-------------------- ---
- ------
--------------
12. R.B. COA'I'ES, B.C.I.R.A., Report, (745). 
• 13. H.E. ROSE and R.M.E. SULLIVAN, "Vibration. Mills and 
Vibration Milling", Constable, 1961. 
14 •. H. GREEN, Civil Engineer, April/May, 1962. 
... 15. D.D. BARKEN~ "Dynamics of Bases and ·Foundations", 
McGraw Hill 1962. (Translation from. Russian). 
--------------------------------------------------------------------------~ 
•. ' 
-134-
16. w.c. PATTERSON, Precision Metal, March, 1971. 
17. C.G. GOETTZEL, 
Volume 1" 1 
"Treatise on Powder Metallurgy -
Interscience N. York and London,l949. 
18. ·r. LJUNGBERG and P.G. ARBSTEDT, "Proceedings of the 
20th An. Meeting of the Met. Powd. Assn.", 
Cleveland, 19561 p.Sl. 
19 •. M. COOK and S.F. PUGH, . Ibid, p. 162 • 
• 
• ••
· 20. J. OAKLEY, Journal of Inst.· of Metals, 1958-91 !!1.· 
21. T.L. YOUD, Journal of Soil Mechanics, May, 1970. 
22. J.S. HIRSCHHORN, "Introduction to Powd. Met'! 
American Po~.Met. Inst., New York, 1969 • 
. 
·· 23. · P.J. JAMES, powd. Met. Inst., 1972, _!. (2, 3 and 4). 
24. l.;J. SMALLEY, Powder Techno1., 1971, _!. (69). 
25. Mc.GEARY, J. Am. Ceram. Soc., 1961, 44, p.513-522. 
26. · ·· B.M. ZIVANOVIC, Proc. of 2nd Int. Con£. Powd. Met., 
Brighton, 1972~ 
·--'--'--- --c---------...,c:____.__- -~ -,~-
27.· C.C. FURNAS, Ind. andEng. Chem. 1 .l93l, 23, P• 1052. 
28 •. H.H. HAUSNER, Proc_ of Int. Conf~ Powd. Met.;.· 
· Brightdn, 1972. · 
29 •. D. TRAIN, Pharm. and Pharmacal. 1 1958~ 10, p. 127. 
' 
' 
' 
30. A •. ADLER, Powd~ Met. Inst., 1969,. 5 (l), p.7. ;:V. 
" •' . '' 
I 
I 
! 
I 
I 
I 
\ 
-135-
31. H.H. HAUSNER, Powd. Met. Inst., 1967, 1_, (4) 1 p.7. 
32. R.M. KOERNER, "'!'he Behaviour of Cohesionless Soils" 
Thesis, University of Durham, 1968 • 
. . ·. 33 •.•.. A.W. JENIKE, P.J. ELSEY and R.H. WOOLEY, Proc. 
"·-. 
Arner •. S.T.M., 1960 {GO), p. 1168. · 
> 
34 •. · J.C. RICHARDS, Brit. coal Util. Res. Assn., Circular, 
(267). 
. ' 
35. M. ARAKAWA and M. NISHINO, J. Soc. Mat.Science; 
Japan, 1970, 19, (201), p.554. 
36. U. NASCIMENTO and H. TEIXEIRA, Ministry of 
Publications, Lisbon, 197l. (398). 
37. 'American Institute of Physics, Handbook, 1957. 
38. 
,39. 
40. 
G. MATEI and H.H. HAUSNER, 
Powder Met., Brighton, 
.T. MOGAMI and. K. KUBO, Int. 
1953, b p.152. 
-.· .. 
.· J. KOLBUSZEWSKI, Int. conf. 
Proc. of 2nd Int. Conf. 
1972. 
Conf. Soil Mech., 
' 
.'11 .• ' . 
Soil. Mach. ,1948, ]_. 
41. H.H. HAUSNER, ·."Vibratory compaction",. Plenium Press, 
New York, 1967. 
·. 42. S•E. SMITH and P.A.F. WHITE, Chern. Eng. Prog. Syrnp., 
· 1967, ~. (63), p.5o. 
43. W.A. GRAY 1 Proc. Int. Conf. Powd. Met., Brighton,l972. 
44. F.J. CONVERSE; A.S.T.M., Special Bulletin, (156). 
' . 
. '. '- - i 
,·' 
·' 
-136-
45. V.G. GOKHALE, M.Sc. 'I'hesis, University of Leeds,l961.· 
46. P.E. EVANS and R.S. MILLMAN, Powd. Met., 1964, ]., 
(13), p.5o. 
47. I.G. SHA~LOVA and N.S. GORBUNOV, Inst. Phys. Chem., 
u.s.s.R., 196o, ~. (5), p.ll5o •. 
48. · ·A.E. DESOV, 'Concrete Vibration', Gosstroiizdat, 
Moscow, 1956. 
49. · T .• HAUTH, Nucleonics, 1962, · 20, (9), p.5o. 
50.. V.I. LIKHTMAN, Doklady Akad., U.S.S.R.,. 1960. 
51. E.T. SELIG, Con£. on Soil Mechanics, u.s.A., 
and Found. Eng., .1963, !_, p.l20 • 
. . 52. T. TAKANASHI and Y. SATO, Earthquake Res. Inst., 
Japan, ~. p.l1. 
53 •. · . J .c. MACRAE, P.c. FINLAYSON and W.A. GRAY, Nature, 
June, 1957, (4574), p. 1365. 
54. ' W.A. GRAY and G.T. RHODES, Powder Technol~, Nov.,1972 1 
,§., (5), p.271. 
55.. B.O. SKIPP, "Proc. Symp. Brit. Nat. Sect~Int~Assoc~ 
Earthquake", Butterworth, London, 1965. 
, 56. H. DERESIWEICZ, Advances in Applied Mechanics, 1959, 
6, p.233. 
· 57. ; I.E. EASTHAM, Thesis, University .of Loughborough, 1969 • 
. 58. H. TAKAHASHI, A •. SUZUKI and T. TANAKA~ Powder · 
.. ·, Technol~, 1968~ ~.; p.65. · 
' ~·. 
'. 
' . 
'.,. 
' '· 
-137-
. 59. . T. YOSHIDA and Y. KOUSAKA, Kagaku - Kogako1 
Japan, 1967, 2_, (1). 
':' 60. I. GUTMAN, "Industrial Uses o£ Mechanical Vibrations", 
Business Books Ltd., London, 1968. 
· ,61 •. · .. , G.F. ZIMMER, "The Mechanical Handling and Storage, 
of Materials", crosby-Lockwood, London, 1925. 
62.· ·P.E. BERRY, Journal of Ag• Eng. Res., 1958, (3) • 
. . 63. •. W. KROLL, Chem. Ingr. Tech. 19551 27, p.33. 
, 64. I. ALYANAK, Thesis, University of Birmingham, 1962. 
,, _, 
65 •. z.I. KURTEE~, Translation from Zavodskaya 
Laboratoriya, Dec. 1971, 37, (12), p.1459. 
66.' S.G. MEDCRAFT, Process Eng., April, 1971~ 
67, , · S. ABRAKAMI and W. RESNICK, . Powd. Technol,,1972., .§.. 
68. R.D. MORSE, Ind. and Eng•Chem., June 19551 47, (6), 
p:-1170. 
69 •. , J. VERLOOP and P .M. HEERTJES1 Chem. Eng. Sci., 
p.825 ~ ... May, 1970, 25, 
70. ' J.L. BRACKPOOL and L.A. PHELPS, Powd. Met. 19641 ]_,' (14), p.213. 
·.·-·'' 
71, . H. TAYLOR and A.F. MARSHAL, Proc, of 2nd Int. Con£. 
72. 
Powder Met., Brighton, 1972. 
N.S. GORBUNOV, Sov. Powd. Met. and Met. Ceram., 
February, 1969, 74, (2). 
73. w.c. BELL, J. Am. Ceram Soc., 1955,· 381 (ll),p.396. 
\ 
' ' 
. ,. ' 
. , ., . 
... · 
. ' ,. 
-138-
74. Y. POKRYSHER, Sov. powd. Met. and Met. Ceram,1969, 
( 2), 7 4, ( 2) • 
75. J.G. THOMAS and J.B. JONES, U.S., · A.E.C., Report, 
1959,. (NYO, 7921) ~ 
76. A.G. BODINE, U.S. Patent, 1957, (2, 815,535). 
77:. R.G .R. SELLORS, Powd. Met. 1 1970, 13, ... (26). · 
78. . H. H. HAUSNER and I. SHEINHARTZ, Proc. of Met.Powd. · 
Assn., 1954. 
7~. · F.P. BOWDEN and D. TABOR, "The Friction and 
Lubrication of Solids", Clarendon Press, 
Oxford, . 1954 • 
80~ D. YARNTON and T.J. DAVIS, · Eng. Materials and 
Design, Sept. 1970, · 13, (9), p.ll03. 
81. ·.D. YARNTON and T.J. DAVIS, Int. J. of Powd. Met., 
1972, .§., (2), p.51. 
82. H. HEYWOOD, Particles Size Analysis, 1970 • 
83. ·H., HEYWOOD, Short Course, Dept. of Chem. Eng., 
· University of Loughborough, 1969 •. -~ 
I· 
- -----------'-~------------~-
; 84. · H. WADELL, Journal of Geology, 1935, 431 p.250 • 
as. 
i 
. ',. 
FISHER G. Ltd., Reprint from Giesserei\>1960, (3), 
p.49. 
86. . B.H. KAYE, Chem.Eng., Nov~ 1966, p.239. 
87. P.C. CARMAN, Trans. Inst. Chem.' Eng. 1937, (lS),p.lSO. 
J. Soc. Chem. Ind., 1938, (57),p.225. 
-------------,--c-----~--~~-·- ~------·----~ 
-139-
88. F.M. LEA and ~.W. NURSE, J. Soc. Chem. Ind., 1939, 
sa, p.227. 
89,,., H. HEYWQOD1 Chem. and Ind., 1937, 1§_, p.l49. 
.. (. 
. ,._ 
'• •. 
· .· J •. HANNAH1· "Applied. Mechanics" 1 Pitman, London, 1962. 
'•' 
' ' .• · J'. 
:, .: 
.. 
. ' I ' 
', "' . ·' · __ -
,.-,_ .. ,._ ·__ ·' ·• ..... 
'· .· 
.. '- . 
----- - -;,'-' . 
. - ., -~; ' 
... ·( !"·' '· ''··· 
':, .. ;,._,, 
Bibliography of Work related to this Thesis 
. .. ,;, 
<: ' . 
'.•, ··,. 
l) Research Report, Settling of Powders by 
·, Vibrational Treatment, Annual Meeting of the 
Powder Metallurgy Joint Group, Eastbourne, 1972. 
2) .. paper, The Effect of Vibrational Treatment on 
. ' .. 
the Interparticle Friction of Metal P_?wders, 
:to be published in· Powder Metallurgy- and-presented 
at the Annual Meeting, . Eastboul'ne, .1974 •. · 
; 
. ,·-·-
.. ·•· 
.. -~- • ' ' 
'.. ' 
' \: 
. ~ .. -
,; .. 
';'' . '' 
·:I 
' 
TABLE 16. Rig Densification Results 
Pilot 
POWDER DESIGNATION 
-
IRON P.lOO 
FREQUENCY OF VIBRATION - 50 H3 
SURFACE MASS ADDED - 664 gm 
DISPLACEMENT 
mm 0.13 0.25 0.51 
PEAK ACCELERATION 0.63 1.27 2.54 
g 
VIBRATION TIME HEIGHT LOSS SECONDS (mm) 
5 0.25 0.50 1.00 
10 1.15 1.25 2.52 
15 1.75 1.75 4.00 
20 1.85 2.00 5.00 
4o 1.05 2.75 6.83 
60 1.15 3.20 7.20 
120 1.25 3-50 7.51 
180 1.23 3-55 7-53 
24o 1.23 3.62 7.54 
300 1.23 3·63 7.54 
-----
-----
----
360 1.23 3.63 7.54 
420 1.23 3-65 7.54 
480 1.23 3.65 7.54 
0.76 
3.81 
1.55 
3.54 
4.72 
6.23 
6.94 
7.04 
7.22 
7.22 
7.22 
7.22 
7.22 
7.22 
7.22 
Pilot 
TABLE . l.g ensJ.fl.ca l.On esu 17 R" D . . t" R lt s • 
POWDER DESIGNATION - Cu/Sn Admix 
FREQUENCY OF VIBRATION - 50 H3 
SURFACE MASS ADDED - 664 gm. 
DISPLAC:EMENT 0.1.3 0.25 0.51 0.76 1.02 
mm 
PEkK ACCELERATION 0.6.3 1.27 2.54 3.81 5.08 g 
VIBRATION TIME HEIGHT LOSS (mm) SECONDS 
5 0.10 0.25 1.25 1.6 2.00 
10 0.15 0.50 2.75 3-25 3-75 
15 0.20 0.75 3-30 4.20 4.4o 
20 0.30 0.95 3-75 4.55 4.4o 
4o 0.52 1.35 4.70 4.61 4.41 
Go 0.55 1.60 4.95 4.61 4.42 
120 0.65 1.75 5.00 4.62 4.44 
180 0.65 1.77 5.02 4.62 4.44 
244 - 0.65 -1.82- -5-02- -4.62- -4.44--
a e . l. ensl. y esu s or p erJ.ca ronze ow ers T bl 18 OrificeF·ll D •t R lt f S h . 1 B P d 
with and without Vibrational Treatment 
Density Values g/cm3 
CONTAINER 20 micron 4o micron 100 micron 200 micron l4oo micron 600 micron 
DESIGNATION 
1 2 1 2 1 2 1 2 1 2 1 2 
A 5-53 5-17 5.62 5-25 5.56 5-19 5-56 5.18 5-49 5-27 5.48 5-36 
B 5-45 5-13 5-54 5-29 5.48 5-15 5.48 5-17 5-32 5.21 5.44 5-27 
c 5-36 5.08 5-50 5-14 5-43 5.12 5.38 5.16 5-23 5.16 5.41 5-13 
D 5-54 5.06 5-56 5-25 5.56 5.).6 5-53 5.16 5.!J.2 5-17 5-34 5-09 
E 5-45 4.97 5.48 5-15 5.44 5.08 5-39 5-05 5.4o 5.06 5-15 4.96 
F 5-47 4.95 5-54 5.20 5-39 5.09 5-39 5-05 5-23 1.99 5-07 4.87 
G 5-30 4.82 5-38 5-03 5-25 4.91 5-19 4.87 5.01 4.79 4.86 4.68 
H 5.28 4.78 5-37 5.02 5-19 4.89 5.11 4.83 4.91 4.73 4.66 4.51 
Column 1 with vibrational treatment 
Column 2 without vibrational treatment 
Table l9•0rifiC€Fill Density Results for Iron PlOO containing Zinc 
Stearate, with and without Vibrational Treatment 
' . . Density Values rt/cm3* 
CONTAINER 0 % z.s. 0.5% z. s. 1.0'/o z. s. 1.5'/o z.s. 2.afo z.s 
DESIGNATION 1 2 1 2 1 2 1 2 1 2 
A 2.98 2.67 3-13 2.91 3.14 2.93 3.10 2.84 3.02 2.85 
B 2.90 2-53. 3-12 2.82 3-15 2.84 3.09 2.82 2.93 2.81 
c 2.85 2.52 3-11 2.78 3.16 2.78 3-09 2.76 2.87 2.64 
D 2.81 2.48 3.02 2.77 3.03 2.81 3.00 2.74 2.85 2.62 
E 2.75 2.45 2.99 2.74 3.01 2.78 2.99 2.69 2.83 2.56 
.. 
____ p __ 
----
-2-71 2.41 2.93 -2.67- -2.95-2-71 2.93-2.62- -2-76-2.46 
G 2.68 2.34 2.87 2.63 2.93 2.62 2.88 2.54 2.72 2.38 
H 2.62 2.29 2.86 2.56 2.88 2.57 2.84 2.44 2.67 2.22 
Column 1 with vibrational treatment 
Column 2 without vibrational treatment 
• Corrected to true density of Iron 
I 
TABLE 20. Density Improvement Factors D/D for 
Sh . 1B D ;pJ er~ca ronzes 
Container 20 I 4o I L•100 I 200 I 4oo I. 600 (sizes in microns diameter) 
A .1.095 1.071 1.073 1.073 1.043 1.022 
B 1.065 1.065 1.075 1.067 1.036 1.034 
c 1.054 1.058 1.086 1.066 1.034 1.052 
D 1.094 1.065 1.076 1.072 1.050 1.050 
E 1.096 1.064 1.071 1.068 l.Olj.3 1.039 
F 1.105 1.064 1.059 1.065 1.047 1.041 
G 1.096 1.069 1.067: 1.064 1.046 1.039 
H.•. 1.10.5 l.o69 1.062 1.068 1.039 1.031 
DT/DA 1.12 1.09 1.07 1.06 1.04 1.04 
TABLE 21 Density Improvement Factors D/D for Iron 
P100 t . . Z. St t D con a~mng ~ne eara e 
Dv/Do for Iron PlOO plus 
Container 0 I 0.5 I 1.0 I 1 • .5 I 2.0 
(% Zn Stearate contents) 
A • 1.139 1.075 1.069 1.091 1.0.58 
B 1.147 1.10.5 1.110 1.095 1.04o 
-
- ---
c 1.131- 1.~18- --1~136-- -1-;119- 1~089-
D 1.131 1.088 1.078 1.096 1.089 
E 1.123 1.093 1.083 1.114 1.068 
F 1.123 1.094 1.088 1.116 1.119 
G 1.149 1.093 1.105 1.142 1.116 
H 1.141 1.117 1.134 1.163 1.202 
DT/DA 1.27 1.28 1.13 1.16 1.24 
Table 22. Results of Vibration Settli~g. 
POWDER DESIGNATION -
FREQUENCY OF VIBRATION -
SURFACE MASS ADDED -
2CJ9t-M BRONZE 
50 H3 
A (122g) 
PIEZ0 ELECTRIC 
OUTPUT volts 
DISPLACEMENT 
mm 
PEAK ACCELERATION 
g 
VIBRATION TIME 
SECONDS 
5 
10 
15 
20 
25 
30 
4<:) 
60 
120 
180 
24o 
300 
360 
420 
480 
600 
5.9 10.7 14.2 19-5 21.0 21.2 
0.103 0.186 0.243 0.34o 0.366 0.370 
0.515 0.930 0.1215 1.700 1.8)0 1.850 
0.024 0.239 
0.045 0.322 
0.049 0.395 
0.051 0.430 
0.056 0.459 
o.o62 o.48o 
O.L65 0.498 
0.065 0.536 
0.071 0.588 
0.075 0.607 
o.lOO 0.615 
0.100 
0.100 
MAX 
0.616 
0.626 
0.632 
0.643 
0.650 
0.658 
HEIGHT LOSS (mm) 
0.370 
0.492 
0.562 
0.630 
0.683 
0.725 
0.782 
0.822 
0.850 
0.959 
1.020 
1.065 
1.089 
1.126 
1.152 
1.156 
1.162 
0.522 
0.709 
0.809 
0.972 
0.972 
1.009 
1.089 
1.152 
1.232 
1.237 
1.294 
1.325 
1.330 
1.330 
1.330 
1.330 
MAX 
0.600 
0.803 
0.872 
0.906 
0.927 
0.941 
0.963 
1.000 
1.022 
1.031 
l.04o 
0.602 
0.790 
0.790 
0.790 
0.790 
0.805 
o.8o6 
o.8o6 
o.8o6 
l.o4o o.8o6 
l.04o MAX 
MAX 
T ABLE esu ts o 23 R 1 f V"b t• S ttl" 1 ra l.On e J.ng. 
POWDER DESIGNATION 
-
209<-M BRONZE 
FREQUENCY OF VIBRATION ~ lOO H3 
SURFACE MASS ADDED -A (122g) 
PIEZO. ELECTRIC 0.8 1.8 2.8 3.8 5-0 7-1 OUTPUT (volts) 
DISPLACEMENT 0.001 0.021 0.033 0.044 0.060 o.o84 mm 
PEAK ACCELERATION 0.020 0.420 o.66o o.88o 1.220 1.680 (g) 
VIBRATION TIME HEIGHT LOSS (mm). (SECONDS) 
5 0 0.010 o.no 0.305 0.372 0.899 
10 0.004 0.012 0.14o 0.512 0.685 1.042 
15 0.004 0.016 0.155 o.64o 0.842 1.120 
20 0.004 0.018 0.155 0.?08 0.949 1.179 
25 o.oo4 0.020 0.155 0.?43 1.015 1.225 
30 0.006 0.021 0.175 0.?98 1.070 1.265 
4o o.oo6 0.023 0.175 0.848 1.070 1.296 
60 0.006 0.029 0.197 0.905 1.228 1.385 
8o MAX 0.033 0.197 1.009 1.228 1.385 
lOO 0.037 0.210 1.032 1.322 1.452 
120 0.039 0.219 1.090 1.410 1.495 
- 150 
-
-------- 0.041 
--
0.225_ 1.118 1.471 1.495 
---
180 o.n46 0.228 1.150 1.522 1.534 
24o MAX 0.242 1.213 1.600 1.5?0 
300 MAX 1.275 1.606 1.596 
330 1.300 MAX 1.560 
360 1.302 1.604 
4oo MAX MAX 
B E 24 TA L • Resu ts o 1 r v·b l. ratJ.on Se ttli ng • 
POWDER DESIGNATION 
- 200,.uM• BRONZE 
FREQUENCY OF VIBRATION - 200 H3 
SURFACE MASS ADDED 
-
A (l22g) 
PIEZO_ ELECTRIC 0.30 o.8o 1.15 1.30 1.50 1.75 OUTPUT (volts) 
DISPLAC:EMENT 0.0037 o.oo88 0.0130 0.0147 0.0170 0.0196 mm 
PEAK ACCELERATION 0.296 0.704 1.04o 1.176 1.360 1.568 g 
VIBRATION TIME HEIGHT LOSS (mm) (SECONDS) 
5 o.oo8 0.()80 0.583 0.831 0.922 1.086 
10 0.009 0.143 0.731 0.921 1.050 1.249 
15 0.012 0.191 0.835 1.024 1.137 1-334 
20 0.015 0.234 0.906 1.075 1.206 1.382 
25 0.016 0.264 0.986 1.120 1.254 1.416 
30 0.017 0.287 1.035 1.160 1-306 1.44o 
4o 0.017 0.328 1.095 1.232 1.377 1.490 
Go 0.017 0.368 1.171 1.292 1.448 1.565 
8o 0.017 0.391 1.201 1-336 1.479 1.585 
120 0.017 0.430 1.237 1.388 1.522 1-599 
180 MAX 0.462 1.260 1.422 1-551 1.601 
210 0.468 1.268 1.428 1.553 1.602 
-----
----
-
-----
24o 0.017 0.472 1.273 1.434 1-558 1.6o4 
300 0.485 1.287 1.448 1.562 1.604 
36o 0.492 1.290 1.450 1.568 1.604 
420 0.498 1.291 1.460 1.572 1.604 
510 0.501 1.295 1.461 1.578 MAX 
630 0.502 1.296 1.462 1.601 
TABLE 25. Results of Vibration s ettling. 
POWDER DESIGNATION 
-
20g_,M BRONZE 
FREQUENCY OF VIBRATION 
- 300 H3 
SURFACE MASS ADDED 
-
A (122g) 
PIE:W ELECTRIC 0.24 0.41 0.62 0.74 1.06 1.26 OUTPUT (volts) 
DISPLAC»>ENT 
mm 
0.0020 0.0034 0.0053 0.0062 o.oo88 0.0116 
PEAK ACCELERATION 0.36 0.62 0.96 1.13 1.60 2.11 g 
VIBRATION TIME HEIGHT LOSS (mm). (SECONDS) 
5 0.010 0.160 0.370 1.070 1.249 1.282 
10 0.010 0.169 0.466 1.100 1.414 1.472 
15 0.012 0.175 0.496 1.120 1.490 1.550 
20 0.012 0.181 0.537 1.127 1-551 1.602 
30 o.ol2 0.185 0.572 1.130 1.605 1.658 
4o 0.012 0.1 5 0.594 1.146 1.632 1.700 
Go MAX 0.188 0.601 1.155 1.677 1.724 
120 0.203 0.639 1.168 1.716 1.768 
180 0.203 0.644 1.182 1-752 1.768 
24o 0.203 0.651 1.189 1.752 1.800 
300 MAX 0.622 1.192 1.770 1.800 
360 0.622 1.202 1.770 1.800 
- -------- ---
---
--- -- --
----
420 0.622 1.202 -- --1.791 MAX 
480 MAX 1.202 1.791 
54o MAX 1-791 
6 TABLE 2 • Results of Vib~ation Settlin~. 
POWDER DESIGNATION 
-
200_,..M BRONZE 
FREQUENCY OF VIBRATION 
- .500 H3 
SURFACE MASS ADDED 
-
A(122g) 
PIEZO' ELECTRIC 0.14 0.28 0.62 . 0.9 1.08 1.2 OUTPUT (volts) 
DISPLACUIENT 0.0007 0.0018 0.0032 0.0045 0.0056 0,0060 mm I 
PEAK ACCELERATION 0.04 0.90 1.60 2.25 2.80 ,3.00 g 
VIBRATION TIME HEIGHT LOSS (mm) (SECONDS) 
5 0.010 0.200 0.562 0.850 0.890 0.954 
10 0.010 0.210 0.725 1.041 1.050 1.140 
15 0.010 0.215 0.960 1.102 1.150 1.242 
20 0.010 0,215 1.000 1.1,30 1.196 1.305 
30 0.010 0.215 1.040 1.2,30 1.281 1.,362 
40 0.010 0.215 1.090 1.300 1.,342 1.410 
50 0.010 0.215 1.120 1.502 1.,381 1.460 
6o MAX 0.215 1.160 1.390 1.430 1.493 
120 MAX 1.261 1.451 1.5,30 1.595 
18o 1.,302 1.552 1.559 1.652 
--- 24o --- - -------- ---- --
-1-;,341-
-1-;582- -1.582- -1.705 
300 1.,370 1.621 1.6,30 1.715 
,360 1.376 1.640 1.652 1.715 
420 I 1.395 1.665 1.680 1.715 
48o 1.406 1.672 1.698 MAX 
540 1.420 1.685 1.712 
600 1.4,30 1.705 1.716 
660 1.435 1.712 MAX 
~~-~~~--~~~---~-
• 
TABLE 27. Results of Densification DI g/cm3 and % DI 
POWDER DESIGNATION 200 micron Bronze 
DISPENSED DENSITY DD = 5.37 g/cm3 
VIBRATION TI!1E (S) 
f 60 24o 
PEAK Ht. Loss DI I %D Ht. Loss DI I %D ACCELERATION I I mm mm 
,.,. 
50 H 3 
0.515 ~ 0.065 0.007 0.13 0.100 o.oo8 0.15 
0.930 0.535 0.074 1.38 0.615 0.085 1.58 
1.215 0.855 0.120 2.23 1.060 0.150 2.79 
1.700 1.14o 0.162 3.02 1.310 0.186 3.46 
1.830 1.000 0.14o 2.61 1.04o 0.1460 2.72 
1.850 0.805 0.112 2.00 0.805 0.112 2.09 
lOO H 3 
0.020 0.030 0.003. 0.06 0.030 0.003 o.o6 
0.420 0.050 o.oo6 o.n 0.050 o.oo6 0.11 
0.660 0.200 0.027 0.50 0.220 0.029 0.54 
1.200 1.230 0.176 3.28 1.600 0.233 4.34 
1.680 1.390 0.200 3-72 1.570 0.223 4.31 
200 H 3 
0.296 0.017 0.001 0.018 0.017 0.001 0.018 
0.704 0.368 0.050 0.93 0.472 0.065 1.21 
1.04o 1.171 0.158 2.94 1.273 0.180 3-35 
1.176 1.292 0.184 3-43 1.434 0.20'+ 3.80 
1.360 1.448 0.206 3.84 1.558 0.223 4.15 
1.568 1.565 0.224 4.17 1.604 0.230 4.28 
TABLE --27. cont. 
VIBRATION TIME (S) 
g 60 24o 
PEAK Ht. Loss DI I %D Ht. Loss DI %D ACCELERATION (mm) I (mm) I 
300 H 3 
1.036 0.012 0.002 0.04 0.012 0.002 0.04 
0.58 0.188 0.025 0.46 0.203 0.047 0.87 
0.96 0.601 0.083 1.54 0.651 0.091 1.69 
1.13 1.155 0.164 3-05 1.189 0.168 3-13 
1.60 1.670 0.245 4.56 1.752 0.259 4-32 
2.11 1.720 0.253 4.71 1.8oo 0.266 4.95 
500 H 3 
o.o4 0.010 0.001 0.02 0.010 0.001 0.02 
0.90 0.215 0.029 0.54 0.215 O.Oa9 0.54 
1.60 1.160 0.165 3-07 1.345 0.193 3-59 
2.25 1.390 0.200 3-72 1.580 0.230 4.28 
2.80 1.430 0.207 3-85 1.582 0.231 4.30 
3.00 1.493 0.217 4.04 1.715 0.233 4.34 
50Hz 600s . 
o. 51 o. 100 0.008 o. 14 
0.93 0. 858 o. 091 l. 69 
l. 21 l. 162 o. 165 3.07 
--·· 
-l.-7 0 -1. 330- -0.-192- 3.-57--
l. 83 1. 040 o. 146 2.72 
l. 85 0.806 o. 112 2. 08 
' 
ACCEL. 
(g) 
TABLE 28. Result s of Densifieation D1 
Ht. Loss 
(mm) 
POWDER DESIGNATI ON Iron P100 
DISPENSED DENS! 
VIBRATION TIME 
D 
TY D - 2.55 g/cm3 D 
4 minutes 
(g/~ib) %cn1D D IACCEL Ht. Loss D (g) (mm) (g/~m3) 
~3 After vibration 30 H V"b t" 3 DuTJ.ng l. ra J.on 
o.8 2.511J 0.17 6.6 o.8 
- -
1.1 7-25 0.58 22.7 1.1 
- -
1.3 7-65 0.62 24.3 1.3 7.25 0.58 
1.6 6.15 0.50 19.6 1.6 3.71 0.26 
1.8 5.15 . 0.38 14.9 1.8 1.70 o.u 
>1.8 Fluidises >1.8 Fluidises 
,. 
,2£213 After vibration 50 H During Vibration z 
0.9 0.05 0.03 1.2 0.9 
- -
1.1 5.86 0.44 17.2 1.1 
- -
1.4 7.61 o.61 23.9 1.4 7.45 0.60 
1.8 7.25 0.58 22.7 1.8 6.25 0.48 
)1.8 Fluidises >'1.8 Fluidises 
~ 
--
100 H After Vibration 
z 
200 H After Vibration 
z 
0.3 2.0 0 0 0.4 0 0 
o.6 2.15 0.15 5-9 1.0 4.07 0.29 
0.9 6.41 0.49 19.2 1.3 6.97 0.55 
1.3 8.12 0.67 26.3 1.5 8.58 0.72 
1.8 7.97 0.64 25.1 1.7 8.72 0.74 
2.0 7,70 0.62 24.3 2.1 9.64 0.83 
-
-
22.7 
10.2 
4.3 
-
-
23.5 
18.8 
0 
11.4 
21.6 
28.2 
29.0 
32.5 
-TABLE 28 eo ntinued 
ACCEL Ht.Loss DI (g) (mm) (g/cm3) % 
500H After Vibration 
z 
0.9 3.07 
1.0 3.38 
1.1 5.21 
1.4 6.75 
1.9 7.61 
2.1 7.67 
~ - --- ------- - -
0.22 
0.24 
0.39 
0.53 
o.61 
0.62 
8.6 
9.4 
5.3 
o.8 
1 
2 
2 
2 
--- -----~ 
ACCEL Ht.Loss D = DI (g) (mm) cg/am3l WoonDn 
1000 H After Vibration 
z 
0.7 0.76 0.05 1.9 
1.1 2.60 0.18 7.0 
1.3 4.15 0.30 11.8 
1 • .5 4.93 0.36 14.1 
1.9 
.5-90 0.4,5 17.6 
2.4 6.50 0.50 19.6 
SETTLING 
TIME 
s 
0 
0.2 
0.4 
0.6 
0.8 
l.O 
2.0 
3.0 
4.0 
5.0 
10.0 
15.0 
2.0.0 
25.0. 
3Q.O 
35.0 
40.0 
TABLE 29. Friction Cell Values for P100 Iron Powder 
at various densities 
DENSITY* SHEAR* NORMAL* FRICTION FRICTION 
g/cm3 
LOAD LOAD ANG~ ANGLE g g TAN PO 
2.42 15.5 43.83 0.0358 2.1 
2.63 39-0 47.63 0.8188 39.4 
2.63 52.5 47.63 1.1022 47.8 
2.67 62.5 48.35 1.2926 52.3 
2.72 85.5 49.26 1.7356 60.1 
2.76 94.5 49.98 1.8907 62.1 
2.83 100.5 51.25 1.9609 63.0 
2.87 111.5 51.97 2.1455 65.1 
2.88 115.5 52.16 2.2143 65.7 
2.95 109.0 53.42 2.0404 63.9 
2.95 132.5 53.42 2.4803 68.0 
2.96 137.0 53.60 2.5597 68.7 
2.96 151.5 53.60 2.7980 70.3 
2.96 150.5 53.60 2.2260 70.5 
2.96 150.5 53.60 2.8260 70.5 
2.96 151.5 53.60 2.8260 70.5 
2.96 150.5 53.60 2.7980 70-3 
• Values are the average of two. 
for secon s 1n t e mod1f1e Oakle:v apparatus 
TABLE 30. Friction angles for the range of powders, settled 
4o d" h .. d 
SETTLED DENSITY ' 
POWDER 40s. in 110AKLEY11 SHEAR LOAD NORMAL LOAD 10 (g/cm3) (gm) (gm) 
Bronze 600 micron 5.48 75 116.22 32.8 
Bronze 400 micron 5.49 90 115.16 38.0 
Bronze 200 micron 5.53 128 115.62 47.9 
Bronze 100 micron 5.56 150 113.84 52.8 
Bronze 40 micron 5.62 145 114.88 51.6 
Bronze 20 micron 5.53 124 114.78 46.9 
Copper SPH. 5.17 92 103.27 41.7 
Copper LD. 2.75 128 49.02 69.1 
Copper IRR. 3.54 180 95.90 69.9 
Cu/Sn Admix 3.49 50 59.26 40.1 
Iron P100 2.98 149 53.97 70.1 
Iron At. 25 3.10 176 56.14 72.3 
Iron 
-
At. 28 
--- ---3.43 --
---197-- _62.43- --72.4 
Aluminium 1.28 96 20.19 78.1 
PlOO + 0.5% Zn St 3.14 84 56.94 55.9 
PlOO + 1.0% Zn St 3.17 52 56.87 42.4 
P100 + 1.5% Zn St 3.15 48 56.83 4o.l 
P100 + 2.0% Zn St 3.08 31 56.93 29.9 
TABLE_21. Results from the Friction Cell. 
POWDER - IRON P lOO 
FREQUENCY - 50 H3 
SHEII.R IMPUT RELEASE MASS TRUE RELEASE 
LOAD CURRENT DISPLACEMENT CORRECTION DISPLACD1ENT 
gm amps volts mm. ,g g g 
5 0.21 6.8 0.119 0.59 o.o8 0.51 
10 0.13 4.0 0.070 0.35 o.o8 0.27 
15 0.13 4.2 0.073 0.36 0.09 0.27 
20 0.16 4.9 0.086 0.43 0.12 0.31 
30 0.15 4.8 o.o84 0.42 0.13 0.29 
35 0.22 7.2 0.126 0.63 0.17 0.46 
45 0.31 10.0 0.174 0.87 0.20 0.67 
50 0.31 9.8 0.170 0.85 0.22 0.63 
75 0.30 9.6 0.167 o.83 0.24 0.59 
lOO 0.22 7.2 0.126 0.63 0.23 0.43 
125 0.21 6.8 0.119 0.59 0.19 0.40 
140 0.17 5.4 0.094 0.47 0.16 0.31 
TABLE 32 Results from the Friction Cell . . 
POWDER ; IRON P.lOO 
FREQUENCY - lOO H3 
SHEAR IMPUT RELEASE MASS TRUE RELEASE 
LOAD CURRENT DISPLACEMENT CORRECTION DISPLACEMENT 
gm amps volts mm. g g g 
5 0.41 3.1 0.037 0.74 0.05 0.69 
10 0.25 1.8 0.021 0.43 0.05 0.38 
15 0.23 1.7 0.020 0.41 0.07 0.34 
20 0.18 1.3 0.015 0.31 o.o8 0.23 
25 0.17 1.2 0.014 0.30 0.12 0.18 
30 0.31 2.3 0.027 0.55 0.11 0.38 . 
4o 0.27 2.0 0.024 0.48 0.17 0.31 
50 0.25 1.8 0.021 0.43 0.18 0.25 
75 0.22 1.6 0.019 0.39 0.17 0.22 
lOO 0.21 1.5 0.017 0.36 0.17 0.19 
125 0.19 1.4 0.016 0.33 0.15 0.18 
14o 0.18 1.3 0.015 0.31 0.14 0.17 
TABLE 33. Results from the Friction Cell. 
POWDER - IRON P.lOO 
FREQUENCY - 200 H3 
SHEAR IMPUT RELEASE MASS TRUE RELEASE 
LOAD CURRENT DISPLACEMENT CORRECTION DISPLACEMENT 
c 
gm amps volts mm. g g g 
10 0.47 0.86 0.0097 0.78 0.03 0.75 
15 0.29 0.54 0.0062 0.50 0.03 0.47 
20 0.25 0.46 0.0052 0.42 0.03 0.39 
25 0.19 0.36 0.0040 0.32 0.06 0.26 
35 0.19 0.37 0.0042 0.34 0.07 0.27 
4o 0.22 0.39 0.0044 0.35 0.09 0.26 
50 0.21 0.41 o.oo46 0.37 0.12 0.25 
75 0.19 0.36 0.0040 0.32 0.13 0.19 
lOO 0.19 0.36 o.oo40 0.32 0.13 0.19 
125 0.17 0.32 0.0036 0.29 0.11 0.18 
140 0.15 0.28 0.0033 0.26 0.10 0.16 
. 
---------------------------------------------------------------
TABLE 34 Results from the Friction Cell . 
POWDER - IRON P.lOO 
FREQUENCY - 500 H3 
SHEAR IMPUT RELEASE MASS TRUE RELEASE 
LOAD CURRENT DISPLACEMENT CORRECTION DISPLACEMENT 
gm amps volts mm. g g g 
10 1.05 0.86 0.0043 2.15 0 2.15 
20 0.49 o.lj{) 0.0020 1.00 0.01 0.99 
30 0.28 0.24 0.0012 o.6o 0.02 0.58 
lj{) 0.19 0.16 0.0009 0.45 0.03 0.42 
60 0.12 0.12 o.ooo6 0.32 0.04 0.28 
80 0.12 0.11 0.0006 0.29 0.05 0.24 
lOO o.n 0.10 0.0005 0.26 0.05 0.21 
120 0.10 0.09 0.0005 0.23 o.o4 0.19 
--1lj{) o.o8-- ---- 0.07- 0.0004- 0.19- ~-0.02__ __ 0.17 __ -
"-·· 
-------------------------------------------------------------------------, 
TABLE 35 Results from the Friction Cell . . 
POWDER - IRON P.lOO 
FREQUENCY - 1000 H3 
SHEAR IMPUT ,RELEASE MASS TRUE RELEASE 
LOAD CURRENT DISPLAC:E21ENT CORRECTION DISPLACEMENT 
gm amps volts mm g g g 
10 
- - - - - -
15 - - - - - -
- 20 1.01 0.232 0.00116 2-33 0 2-33 
30 0.72 0.164 0.00082 1.65 .0.02 1.63 
4o 0.56 0.123 0.00063 1.26 .0.04 1.22 
45 0.53 0.119 0.00059 1.19 0.05 1.14 
50 0.45 0.102 0.00051 1.03 0.04 0.99 
75 0.24 0.054 0.00027 0.54 0.03 0.51 
-
-
- ---- ------ . -
--- ------
-
100 0.15 o.o34 0.00017 0.35 0.03 0.32 
125 0.11 0.026 0.00013 0.26 0.02 0.24 
14o o.o8 0.020 0.00010 0.20 0.01 0.19 
TABLE 36 Results from the Friction Cell . • 
POWDER - IRREGULAR COPPER 
FREQUENCY - 30 H3 
' 
SHEAR IMPUT RELEASE MASS TRUE RELEASE 
LOAD CURRENT DISPLAC:lliENT CORRECTION DISPLACE11ENT 
gm amps volts mm. g g g 
20 0.39 13.8 0.462 0.84 o.19 0.65 
4o 0.30 10.6 0.356 0.65 0.27 0.38 
-
60 0.37 13.0 0.456 0.83 0.33 0.50 
80 0.38 13.4 0.450 0.82 0.36 0.46 
lOO 0.42 14.8 0.498 0.90 0-37 0.53 
120 0.32 11.3 0.38o 0.69 0.30 0.39 
l4o 0.20 7.0 0.236 0.41 0.21 0.20 
160 0.16 5-5 0.186 0.34 0.14 0.20 
-175- - 0.13 ... 4.5- 0.152- ·o;28- -o;w- --o-;ls-- --
TABLE 37 Results from the Friction Cell . . 
-, 
POWDER - IRREGULAR COPPER 
FREQUENCY ~ lOO H3 
SHEAR IMPUT RELEASE MASS TRUE RELEASE 
LOAD CURRENT DISPLACEMENT CORRECTION DISPLACEMENT 
gm amps volts mm. g g g 
20 0.36 2.6 o·~o31 0.62 0.10 0.52 
4o 0.25 1.8 0.021 0.43 0.15 0.28 
60 0.31 2.2 0.027 0.54 0.18 0.36 
80 0.27 2.0 0.023 0.47 0.19 0.28 
100 0.23 1.7 0.020 o.4o 0.18 0.22 
120 0.19 1.4 0.017 0.34 0.15 0.19 
140 0.19 1.4 0.017 0.34 0.15 0.19 
160 0.11 0.7 0.010 0.20 0.08 0.12 
---
---- --
----
-
-
-----
175 0.09 0.6 0.007 0.15 0.05 0.10 
\ 
I 
TABLE 38 Results from the Friction Cell . . 
POWDER - IRREGULAR COPPER 
FREQUENCY - 200 H3 
SHEAR IMPUT RELEASE MASS TRUE RELEASE 
LOAD CURRENT DISPLACEMENT- CORRECTION DISPLACEMENT 
gm amps volts mm g g g 
10 1.00 1.80 0.0200 1.62 0.05 1.57 
20 0.48 0.87 0.0100 0.79 0.03 0.76 
4o 0.31 0.56 0.0063 0.50 0.07 0.43 
60 0.29 0.53 0.0060 0.48 0.13 0.35 
80 0.26 0.47· 0.0053 0.42 0.14 0.27 
100 0.22 o.4o 0.0045 0.36 0.13 0.26 
120 0.17 0.31 .. 0.0036 0.29 0.11 0.18 
14o 0.14 0.26 0.0030 0.23 0.09 0.14 
. 160 - . 0.11 - - 0.21- 0.0024- -0.19- --0.07- 0;12-- --
175 0.05 0.10 0.0011 0.09 0.03 0.06 
TABLE 39 Results from the Friction Cell . • 
POWDER - IRRJ!XiULAR COPPER 
FREQUENCY - 500 H3 
SHEAR IMP UT RELEASE MASS !£RUE RELEASE 
LOAD CURRENT DISPLAcn!ENT CORRECTION DISPLACEMENT 
gm amps volts mm g g g 
15 1.10 0.88 o.oo44 2.21 0 2.21 
20 0.93 0.76 0.0037 1.89 0 1.89 
4o 0.50 0.42 0.0021 1.06 0.02 1.04 
60 0.27 0.28 0.0014 0.70 0.05 0.65 
So 0.21 0.20 0.0010 0.51 o.o6 0.45 
lOO 0.16 0.15 0.0007 0.38 0.05 0.33 
120 0.13 0.12 o.ooo6 0.31 0.05 0.26 
14o 0.10 0.10 0.0005 0.25 0.03 0.22 
~-
----
-------------- -
-
160 0.09 o.os o.ooo4 0.21 0.03 0.18 
175 0.06 o.o4 0.0003 0.14 0.02 0.12 
TABLE 4o Results from the Friction Cell . . 
POWDER - IRRmULAR COPPER 
FREQUENCY - 1000 H3 
SHEAR IMPUT ,RELEASE MASS TRUE RELEASE 
LOAD CURRENT DISPLACEMENT CORRECTION DISPLACEMENT 
gm amps volts mm g g g 
20 1.15 0.251 0.00127 2.54 0.01 2-53% 
4o 0.88 0.197 0.00100 1.96 0.03 1.93 
60 0.68 0.152 0.00075 1.50 0.05 1.45 
80 0.41 0.090 0.00050 0.92 0.05 0.87 
1.00 0.28 0.067 0.00034 o.61 0.04 0.56 
120 0.22 0.051 0.00025 0.50 0.03 0.46 
14o 0.17 o.o4o 0.00019 0.39 0.03 0.36 
160 0.14 0.032 0.00016 0-33 0.03 0.30 
-
175 0.10 0.023 0.00012 0.24 0.02 0.22 
• 
. 
TABLE 41 Properties of Powders Examined for Frictional • 
Reduction. 
FOWIER. ~ 
TYr/DA / HALL DA Dr FLOW MAX 
s. 
IRR. Cu 3.10 3-77 1.21 8.85 38.2 34.0 69.9 
P100 Fe 2.48 3.16 1.27 7.54 43.4 36.4 70.1 
L.D. Cu 2.28 2.81 1.23 8.28 53.8 37.4 69.1 
A1 0.91 1.30 1.42 2.57 N.F. 45.3 78.1 
4oO micron Bronze 5.27 5-53 1.04 8.54 21.2 21.2 38.0 
4o micron Bronze 
MAX 
gT 
5.06 5.70 1.12 
DA = densit1 apparant 
DT = densit1 tapped 
~/DA =ratio 
8.51 17.9 
~ = densi t1 of po~der~ g/ cm3 
27.7 46.9 
viz.materia1 densit1 of Cu = 8.93 g/cm3 
Fe = 7.86 g/cm3 
Al = 2.70 g/cm3 
= angle of repose (drained) 
= friction angle with zero vibration 
= peak acceleration force threshold value. 
gf g.T.ORDER 
0.23 4 
0.22 3 
0.26 6 
0.25 5 
0.16 1 
0.20 2 
TABLE 
POWDER 
L.D. 
Copper 
IRR 
Copper 
Cu/Sn 
Admix 
Fe PlOO 
Fe PlOO 
+ 2.cr,6 Zn.s. 
-
Fe 
Atomet 28 
42 R 1 . esu ts of F 1 d 1 "d" i E ow an F u~ ~sat on o;xper~ments 
FREQUENCY H3 ACTIV-ATION 
4o 80 120 160 200 300 
1.12'f-
- -
- - - FLUID 
6.8 
0.46 
2.8 
0.66 
4.o 
0.30 
1.8 
0.74 
4.5 
0-33 
2.0 
0.81 
4.9 
0.28 
1.? 
0.74 
4.5 
0.31 
1.9 
0.73 
4.4 
0-35 
2.1 
+ 
- - - - -
0.55 0.79 1.11. - - FLOW 
2.6 3-5 4.8 - -
0.80 1.10 - - - FLUID 
3.8 4.9 - - -
~- ~-------·-·····--·-·- " . ·--·-····· 
... -... . ................ 
-----· 
0.42 0.52 0.79 0.92 
-
FLOW 
2.0 2.3 3.4 4.0 
-
0.84 0.88 1.16 
- - FLUID 
4.0 3-9 5.0 - -
-------· ----·-" - --------- --~------
0.38 0.47 0.63 0.81 1.2 FLOW 
1.8 2.1 2.7 3-5 5-7 
0.97 - - - - FLUID 
4.6 - - - -
---- -------------
---- --·· --------- -------------- . ------------------
0.38 0.54 0.74 1.01 
- FLOW 
1.8 2.4 3.2 4.4 -
0.90 1.08 - - - FLUID 
4.3 4.8 
- - -
---------- ---· ----
0.42 0.61 0.84 1.17 
-
FLOW 
2.0 2.7 3.6 5-l -
o.86 1.04 
- - -
FLUID 
4.1 4.6 
- - -
- --- -------------- ------------ --------- ----------~---
0.42 0.45 0.63 1.2 
- FLOW 
2.0 2.0 2.7 5.4 
-
'i' Upper Fieure = Current Imput (amps R.l.f.S .) 
+ Lo1rer ),'igure,.= Peak Acceleration (g) 
T.Allli> 42 cont. 
FREQUENCY H ACTIV-z AT! ON POWDER 
' 4o 80 120 J 160 
' 
200 300 
0.69 o.8o 1.08 
- - - FLUID 
Fe 4.2 3.8 4.8 - - -
---·-'" -.--·----·· ·--····-....... ·---
Atorr.et 25 0.28 o.4o 0.45 0.65 0.99 - FLOW 
1.7 1.9 2.0 2.8 4.3 
-
Aluminium 0.68 0.71 0.74 0-93 1.15 - FLOW 
4.1 3.4 3-3 4.o 5.0 -
--._ .....•. 
--·------. -~---- .. 
- .... ____ 
-------
0.26 0.36 0.50 0.60 0.69 0.99 FLOW 
1.6 1.7 2.2 2.6 3.0 4.6 
Bronze 
- - - - - -
FLUID 
- - - - - -
----------- ·------ ···----
600/"m 0.18• 0.23 0.28 0.30 0.30 0.43 FLOW 
1.1+ 1.1 1.2 1.3 1.3 2.0 
- -
- - - -
- - - - - -
. ------------ ------------
.. 
-···- ----- ---------- ---- .. ---------- ····---
__ , ___ 
4o~m 0.20 0.23 0.28 0.30 0.32 0.39 FLOW 
1.2 1.1 1.2 1.3 1.4 1.8 
- - - - - -
-
- - - - -
·---- ---------- I .. . ----------
20~m 0,20 0.25 0.28 0.32 0.35 0.35 FLOW 
1.2 1.2 1.2 1.4 1.5 1.6 
- - - -
- -
- - - - - -
-----
--· --------
.... 
----------- ------------
_, _____ 
------
---~--------- ------------- -------
lO~m 0.23 0.27 0.32 0~37- -o-~46 -o~8o- -FLow--
1.4 1.3 1.4 1.6 2.0 3-7 
- - - - - -
- - - - - -
. -------------- --·-···- _., -······-······-
.. ,., ..•.... 
------ .. ----- ----------
4o/'m 0.31 0.34 0.37 0.44 0.55 0.91 FLOI'/ 
1.9 1.6 1.6 1.9 2.4 4.2 
• Upper Figure = Current Imput (amps R.MS.) 
+ Lower Figure = Peak Acceleration (g) 
TABLT~ 42 -· cont. 
FREQUENCY !! 
z ACTIV-
POWDER 4o 8o 120 160 200 300 ATION 
0.73 * 0.69 0.79 - - - FLUID 
4.4 + 3·3 3.4 - - -
---~---
2<;;'m · 0.43 0.38 0.44 0.79 !11.43 - FLOW 
2.6 1.8 1.9 3.4 6.2 
-
0.94 1.05 1.51 - - - FLUID 
Spherical 5·7 5-0 6.5 - - -
Copper 0.20 0.32 0.46 0.44 0.53 
-
FLOW 
1.2 1.5 2.0 1.9 2.3 -
' lf Upper Figure = Current Imput (alJlPs R.J.!,S.) 
+ Lower Figure = Peak Acceleration (g) 
TABLE 43. Results of the most effective 
fluidisation frequency for the range 
of eighteen powders. 
Powder Designation 
600 _.u m Bronze 
4oo )'m Bronze 
200 /"'m Bronze 
lO~m Bronze 
~m Bronze 
20/'m Bronze 
Copper SPH. 
Copper L_D. 
Copper IRR. 
Cu/Sn Admix 
Iron PlOO 
Iron AT 25 
Iron AT 28 · 
Aluminium 
PlOO + 0.5 ZnS. 
PlOO + 1.0 ZnS. __ _ 
PlOO + 1.5 ZnS. 
PlOO + 2.0 ZnS. 
• Slight response only. 
Optimum H3 
for fluidisation 
-
-
-
81• 
114• 
118 
72 
99 
98 
110 
107 
97 
99 
112 
104 
_ ____ 102 ____ _ 
98 
96 
. 
PRESS 
CONDITIONS 
0 
75- V 
75 - V 
0 
0 
75- H 
0 
0 
85- H 
85 - H 
85 - V 
85 - V 
0 
0 
85 - V 
85 - V 
TABLE 44. Results of Vibrational Pressing using 
Vibrator v.593 and Iron P.100 with 0.~~ Zn. 
Stearate • 
-
COMPACT PARAMETERS RESIDUAL EJECTION 
MASS VOLUME DENSI3Y STRESS (DIE) FORCE 
gm cm} gm/cm MN/m2 KN 
}}.56 5.07 6.61 250 5.2 
}2.88 5.02 6.54 2}5 4.6 
32.61 5.00 6.51 210 5.0 
31.09 4.91 6.32 171 3.8 
3}.14 5.05 6.56 2}0 3.5 
33.16 5.05 6.55 246 5.7 
}0.92 4.86 6.36 180 3.8 
}2.28 4.95 6.52 222 5.4 
32.}4 4.97 6.49 221 5.5 
}2.2/f 4.95 6.51 220 5.} 
32.88 4.99 6.58 241 6.3 
32.51 4.97 6,53 222 5;8 
31.39 5.04 6.22 150 3·5 
31.20 5.04 6.18 150 3.6 
31.84 5.03 6.19 142 3H 
31.14 5.02 6.20 150 3.4 
--- - - -- ---- --- ------
85 - H 
85 - H 
}0.91 5.01 6.17 142 
30.97 5.02 6.16 143 
0 = No Vibration 
H = Horizontal p0sitioning of Vibrator 
V = Vertical 
75 = 75 p.s.i. Air pressure 
85 = 85 p.s.i. Air pressure 
3.2 
3.3 
PUNCH 
PRESSURE 
MN/m2 
418 
}85 
372 
320 
}90 
398 
336 
}85 
390 
380 
415 
395 
}04 
295 
295 
293 
289 
290 
Vibrator V. :12_ and Iron P100 with 0.5). Zn Stearate 
TABLE 45. Results of Vibrational Pressing using 
8 % 
COMPACT PARAMETERS 
PRESS. RESIDUAL EJECTION PUNCH 
CONDITIONS MASS VOLUME .. DENSI5 STRESS {DIE) FORCE PRESSURE 
gm cm3 gm/c Mn/m2 KN MN/m2 
0 30.93 5.01 6.17 135 2.8 302 
0 30.85 5.01 6.15 127 2.8 302 
85 30.23 4.97 6.o8 117 2.5 278 
85 30.58 5.00 6.17 127 2.1 290 
85 31.01 5.01 6.19 135 2.6 298 
0 33.00 5.00 6.60 250 7-2 4;'5 
0 33.27 5.01 6.63 255 7.6 455 
85 33.49 5-02 6.66 250 8.0 477 
85 33-30 5.01 6.64 267 7.6 465 
... 
- ---
- 85 = 85 p.s.i. J~r pressure 
0 = No Vibration 
All the above results are with horizontal vibration. 
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